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CHAPTER 1. 

THE STUDY OF ROCKS. 

The study of rocks should be begun in the field, 
carried on under the microscope, and finished in the 
crucible. , All three methods of study — geological, 
mineralcgical and chemical—are needed to give the fullest 
possible insight into the nature and history of a rock. 
In practice the chemical method is often neglected, on 
the plea that the main chemical charactera of a rock can 
be gathered accurately enough from its mineralogical 
composition; but in all thorough petrographical work 
chernlcal analysis is used to confirm and extend the eori' 
elusions drawn from mlcroicoplc study. In short, what 
the petrographer cannot learn through the microscope he 
should be prepared to seek in the crucible. 

In the field one observes the habit of a rock as a 
mass, that is to say, its shape, its size, and its relation to 
other rocks near it; and decides whether it is of eruptive 
or sedimentary origin; notes any variation of texture or 
Coroposition between one part and another, and any 
changes that take place near the contacts with other 
rocks; records the presence of enclosures or segregations, 
and the directions of joints, beddlng<planes, partings, and 
planes of shesring or flew. If the field observation has 
been thorough, then the petrographer should come to the 
microscopic examination of the rock with definite know¬ 
ledge of the foUowing matters:— 

(i) Whether the rock was formed under eruptive or 
sedimentary conditions; 

(s) If eruptive, whether it is intrusive or extrusive; 
the form and size of the mass; whether it is 
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bomc^eneous or not; am] in the ]aRer event, 
what rdatimi tbe specimea to be examined bears 
to the majQ mass (that ia, whetber it ia an aver* 
ag’e sample, a coarse-grained fades, a basic 
variety, a chiUed marpoal fadee» etc., etc.)^ 

(j) If sedimentary, its geological age and relations; 
whether it is foaaiUferous or not; whether it has 
been subjected to compression or heating since 
its forraatioa; 

{4} If Che rock is a metamorphic one. whether the 
metamorphiso) was thermal or regional; how the 
rock changes as it ia traced along tbe strike; 
whether the structure su^^csts an eruptive, sedi¬ 
mentary or mixed origin; 

(j) In any case, wheeb^ the samples takeo for 
microscof^ study art as fresh as posdble and 
are thoroughly representative of the rock-mass 
as a whole. 

Petrology is too often made Co appear as if It were e 
study Sx rock specimens iostead of 1 study of rocks. 
The principle we have to grasp is that pstrogmphy may 
bt don4 in Chs tohorofory bat pstrobgy must b$ Uorrttd 
in (hr /Ssld. To illustrate the pitfalls into which a petro- 
graphsr may be led who studies a rock in the laboratory 
without knowing its fidd-relations, we may cite the 
following cases. 

As a result of bad observation in the field, crush-bends 
In granite have been mistakea for grits; coarse eruptive 
breccias for normal eruptive rocks; recrystallized tuffs for 
fine-grained lavas; metamorphic rocks for eruptive ones; 
and foreign crystals picked up and enclos^ by the 
magma have been thought to be early crystsllizadons. 
from the magma. In consequence of bad sampling, It 
has often happened that rare and quantitatively unimpor¬ 
tant facies ctf a rock-mass have been described as if they 
composed the whole of it, as in the weil-kaown insUoce 
of “ rockaliite.’' Tlus name was given to a single small 
specimen of rock from the iskt of Rockall, under tbe Im- 
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pressicin that it formed the whole rock-mass; later in¬ 
vestigation showed that the so-called rockaUite only 
forms sinaJl nodules within a very different type of rock. 
There is e common tendency to collect unusual-looking 
rocks rather than familiar-looking ones, with the result 
that rare and what one might call pathological rock- 
varieties occupy an undeserved amount of space in the 
literature of petrology. 

Failure to collect the freshest pocstble samples of the 
rock mekes the identification of some minerals very diffi¬ 
cult, and it may cause one to overlook altogether a 
readily-decomposed mineral such as nepheline or meliUce. 
A confusion between primary end secondary characters is 
also possible in this ease. 

When the field work la dene and the specimens have 
been brought in to the laboratory, the petrolcgist will 
generally proceed to make thin section i for study under 
the microscope. It is very important that every student 
should learn how to make his own rock sections. The 
technique is simple and the materials cost so little that 
there is no excuse^ on the ground either cf difficulty or 
of expense» for neglecting to learn this essential part of 
the petrogrepher*! craft. It is most instructive to see 
for oneself how minerals change their appearance, as 
regards colour, pleochroism end chromatic polarization, 
as they are ground thinner and thinner. Feebly 
pleochroic minerals like andaluslte are easily recognised 
while the section is still thick; and minerals which differ 
little in birefringence, such asmicrocitne and albite, may 
be clearly distinguished if the grinding is stopped when 
one of them is grey and the other still shows a faint 
yellow colour between crossed nicols. Again, some 
minerals are easily identified by treating the section with 
acid before the cover-glass is put on; if one buys ready¬ 
made sections'it is necessary to remove the cove>glasses 
before such tests can be applied. There is also the 
important consideration that the petrologist who can 
make his own thin sections does not need to Interrupt his 
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work for days or even weeks at a (une while waiting* for 
sections to be prepared for bim by a lapidary. 

Tbe properties of tbe rock^forming' minerals, and the 
metbod of usin^ tbe polarizing microsoopei are described 
io so many ev^Ient taxt'books chat there is no need Co 
repeat there here. Il must be emphasised that the 
ezamioatioA of a rodt is aot finished when one bas named 
the mineraJs seen under the microscope. le is ofcen 
desirable to measure tfaeir relative pr^ortions by weight 
or volume. For this purpose one may use a siagt' or 
eyepiece-cnierometer in conjuncttOA with the microscope, 
or he may carry out an actual separation of the various 
kinds of grains by means of heavy liquids such as bromo< 
form, melhyleoe iodide^ and Qerid’s solution. The 
latter method may also be used to isc^ate a few grains 
of an unknowo mineral for the purpose of determining 
iCi specific gravity, its refractive index, or for spectro¬ 
scopic analysis. Great importance is attached, in Mdi« 
menttry petrography, to the correct determination of rare 
accessory constituents such as xenotime, allanite, scauro- 
lite, barytes, for these give a simple means of distin- 
guishing between similar-lookiiig rocks which come from 
different horizons. In addition to such determinations of 
tbe properties of individual minerals, the specific gravity 
of the rock as a whole should be measured, either in the 
lump, using a Walker balance, or on crushed grains, by 
the pycnometer method. Io dealing with a glassy rock 
one should not omit to determine both tbe spe^c gravity 
and tbe refractive index of the glasa. 

Having established as much as be can about the rock 
and its constituent minerals by tbe methods indicated 
above, the petrograpber must oow decide whether a 
chemical analysis of the rock is required to complete bJs 
investigation. If the rock is very fioe-grained or glassy, 
or if for any other reason doubt remains as to its precise 
mineralogical composition, then chemical analysis is 
called for. Sometimes a partial analysis say a deter¬ 
mination of potash and soda—will suffice to resolve the 


THE STUDY OF ROCKS 5 

doubt and permit the rock to be clas«fied correctly. But 
a complete analysis is always more satisfactory chan a 
partial one> because it provides a check on the accuracy 
of the microscopic work. For instance, if a rock is said 
to contain nepheline but the analysis shows more than 
seventy per cent, of silica; or if much apatite is report^ 
but no phosphoric acid is found by the analyst, then it is 
clear that a mistake has been made by somebody. 

To make a complete quantitative analysis of a rock, 
which means determining at least three acidic and seven 
or eig-ht metallic radicles, is a lengthy and tedious busU 
ness requiring* one's constant attention for a week or ten 
days, according* to one’s skill and facilities. It is not sur« 
prising: that few petrologiists care tb undertake this work 
themselves, preferring either to do without chemical data 
or to enlist the help of a professional chemist; but it is 
most desirabie that students of rocks should be able to 
make their own analyses If necessary. Many a fine piece 
of petrological research has been left Incomplete becauee 
the student lacked the skill or the facilities for making* 
the necessary analyses and was unable to secure the 
assistance of a chemist. It is in the hope of enticing 
some students of petrology to practise the difficult 
but fascinating art of rock^analysis that a condensed 
account of the procedure is givep in an appendix to this 
book. 

The analysis done, one should not be content with a 
bald statement of the oxides found and their proportiona 
by weight. He should calculate the molecular propor¬ 
tions of the Various oxides and radicles, by dividing per¬ 
centile by molecular weight in each case. It will then 
be possible to combine the radicles, on paper, in such a 
way as to ascertaia the possible proportions of orthoclase, 
albite, anorthite, quarts and other simple molecules which 
the rock may contain, and to get a valuable indication of 
the composition of more complex minerals such as horn¬ 
blende and pyroxene, if these are present. Used in this 
way, the chemical analysis both checks and supplements 
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the microscopjc work and gives ooc th« fuUcst knowledge 
of the chemical cfaaxacter of the rock. 

But it is not the highest aim of petrology to eccumu* 
late volumes of mioeralogical and cbemic^ data about 
rocks. These are means to an end, whkh is the under¬ 
standing of the physical and chemical changes that take 
place beneath the crust of the earth. That basalt occurs 
here and grenite there matters lUUc to anybody; but vhy 
one region should be formed of magnesian rocks and 
another of sodie or potasaic ones is one of ll^e biggest 
of all geological proMems. It is bound up on one hand 
with the origin of cootsnenis and oceans and mountain- 
ranges* and on the other hand wdih the distribution of 
geld, copper* tin, platinum and Other useful substancca. 
These grand problems will not be solved by any sudden 
Rash ^ inspiration or stroke of luck, but only by the 
combinatiofi of thousands of seemingly unimportant and 
unrelated observations made by petrologlsu working in 
the Reid and in laboratories all over the world. 


SUMMARY 

OF TRS PKOCBDUaB FOtl.OWSD W TtCB BXAIfTVATION OF A 

ROCK. 

1 , FM ttudy. Observe geological occurrence, form 
and else of mass; whether bocnogeneous or vari¬ 
able, and nature ofvarlaiioo; note large structures 
such as bedding, jointing, ervehing* shearing, 
enclosures, concretions; effects of weathering or 
metanorphism. Collect representative specimens. 

It. McgtMco^ sxaminottoR. Identify tbe constituent 
minerals ss far as possible Determine the specific 
gravity of the rock. If the rock Is largely glassy, 
determine the specific gravity and refractive index 
of the glassy portion. 
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III. S.vanMWtion of thin ^^cttoru undtr th9 inicroseop«. 
Oecermine all minerals present as fully as possible^ 
usin^ staining methods and microehemical teats 
when necessary. Measure the relative proportions 
of the various minerals by means of a miorometer, 
preferably of the recording or integrating type. 
Observe the mutual relations of mineraU, i.e., 
enclosure of one mineral in another i reaction rima, 
etc. 

IV. Examination of cruihad groins. To supplement the 

microscopic examination, if necessary, crush some 
of the rock to grains of suitable site and separate 
by means of heavy fluids, electromagnet, or by 
hisnd picking. Individual grains may tbea be 
examined for specific gravity or refractive index, 
or submitted to mlcrochemlcal tests or spectro* 
scopic analysis. Proportions of minerals may be 
ascertained by weighing the aeparated fractions. 

V. Chsmical examination. Tiiia may be partial or 

complete, according to the needs of the case, 
From the analytical data the mineraloglcal com* 
position of the rock should be calculated and com* 
pared with Che result obtained by the microscopic 
method. 
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CHAPTER II. 

ERUPTIVE ROCKS IN THE FIELD. 

Eruptive or igneous rocks are those which have been 
formed by the cooling of a hot siliceous liquid from a 
temperature which was probably in every case above 500^ 
Cg. When we see such a liquid at the earth*s surface, 
in the crater of an active volcano or flowing down its 
slopes, we call it " lava but geologists have a more 
gwerol term, rock which is free from certain 

misconceptions which have grown around the word lava. 
The source of rock magma is in the deeper levels of the 
Iiihospher^ perhaps twenty miles or more beneath the 
surface, rrom this source tongues of msgma rise along 
fissures in the solid earth^crust, and coming to regions of 
lower temperature and pressure, gradually suffer such a 
loss of heat and of dissolved gases that the msgina 000* 
geals or ** freezes." There arise in this way tntrurivs 
rocks, formed by megma which cooled before it reached 
the aurfaca> and satfwrsv# or volcanic rocks, formed by 
magma which was discharged upon the surface from a 
volcanic vent. 

Each of these groups may be further subdivided, ts 
follows 

Bxtruaiva U) Fragmental volcanic rocks (tuffs). 

(b) Lava-flows. 

(a) Minor intrusions (dyke rocks). 

IntxqsiTe Major lAtrusIons (plutonlc rocks). 

The volcanic f ragmanial rocks or iuff$ iorm a transi¬ 
tional group between normal eruptive rocks and sedi- 
meots. They are composed of fragments of lava and 
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Other rocIcSf oot all of which are oecessarilj igaeoue, 
thrown out by active volcanoes aod spread over the sur- 
rounding laods or the sea-fioor. Id mlneralo^ical and 
chemical coosdtutioD cufFa are oftea drailar to lavas, but 
their geolog'ical behaviour ia sc typically sedimentary that 
they will not be coosldered furtlKr in this section. 

The term lapa is applied both to the hot lU^uid magma 
and to the cold solid rocks which are formed when the 
magma freezes. It is mostly In the latter sense that the 
term will be used here. A body of lava may have the 
form of a cyUndricaJ plug, whM it occupies the actual 
throat of a volcaDO, or of more or less parallel-sided sheets 
(lava«flows) which are interbedded wiA layers of tuff and 
sedimentary rocks. It is often a difficult matter to dis¬ 
tinguish between a true lava-fiow, which has bean covered 
up by sediment, and an totruaive shedt which has been 
squeezed in along the beddlBg-planes of a sedimentary 
series without rttcbing the surface. The points to be 
observed in sttempUng to make such a distinction are 

(i) whether the upper aur^ice of the sheet is compact 
or vesicular; 

(s) whether the sheet shows chilled margins both 
above and below or ocdy below; 

(j) whether both roof and floor, or floor ooly, show 
signs of baking or metamorphism; 

(4) whether fragmeots of the are enclosed in the 
sheet; 

(5) whether veinlets from the sheet Cut the roof. 

The presence of gas-vesicles, which may be empty or 
filled with secondary mioerals (agate, calcate, zeolites, 
etc.)i i* cbaracteristSc of lava-flows, espedalJy in tfaeir 
upper parts. The central part of a thick flow may be 
quite free from veudes white tbe top of the sheet aod 
sometimes the bottom too are highly vesicular or slaggy. 
It is possible that gas vesicles may also form in an 
trusive sheet which has been injected beoeatb a very light 
cover of sediment. 
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Most Iav«s coasist partly of glass and partly of 
crystals, although on on« hand the glass may be almost 
lost to sight in the interstices of the crystals and on the 
other hands the crystals may be so minute as to be in¬ 
visible until the ro^ is examined under the microscope. 
Porphyritic texture is rather common in lavas: that is, a 
number of relatively large crystals are developed in a 
mioulely crystalline or glassy groundmass. These large 
crystals are often called “ phenocrysts," but the writer 
prefers to call them insets/' on the principle that a 
good English word is preferable to a bad Greek one. 
One must be careful to distinguish between real insets, 
which are crystaJlizatlons from the magma, and forelgo 
grains picked up by the magma, or secondary minerals 
such as quartz and cticite which were introduced into 
gas'vesides after the lava had become solid. 

A screaJ^ or banded appearance due to movement of 
the congealing mass is often observed in lavs. Some 
of the bands may be more porous than ethers, and these 
are generally more deeply oxidised and so differeotly col¬ 
oured from the denser bands; or else atony bands, con¬ 
sisting largely of spherulitjc crystals, will alternate with 
glassy bands, again giving rise to a conspicuous dUfer- 
ence in colour. A later movement chan that which caused 
the Row-banding, taking place when the lava has become 
extremely viscous, may produce contortion and puckering 
of the bands, which may even be thrown Into concertina- 
like folds. 

Cryptocrystalline and spheruUtic textures are products 
of very imperfect crystallizatioo. In the former case the 
rock is crystalluie but on such a minute scale that Che 
grains cao not be separately diatinguiehed under the 
microscope. SpherulitJc texture develops io glassy lavas 
by the Ini^acioQ of centres of crystallization at relatively 
f^ points, from which delicate fibres of quarts and 
feldspar grow out in all direecioos, producing little 
spheroidal bodies with radial-fibroua structure. Spheru- 
Ktes in lava may be as much as an Inch in diameter, or 
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they may be wholly mkroecc^ic. Similar bodies are 
often developed in badly annealed conmemaJ glass. 

Among intru^ivt R<Kk$ the beac-knowa forms are 
the pipe, the dyke and the sill. A pift is a more or leas 
cyiindncal body of rock which occupies the supply- 
channel of a former vcrfcaoo; its upward termination is a 
volcanic plug. A dyhs is a parallel-sidfed sheet which 
cuts across the prindpal structural planes (bedding- 
planes» cleavagc-plaoes, etc.) of the country rocks; a 
is a sheet injected along the principal structural planes. 
Thus a dyke is not oecessarily vertica] or a sill horjzontal; 
the poiot of difference between them Is the iranigrcsslvc 
attitude of one and the concordant aitUudcof the other. 
Besides the ideal dyke with parallel walls, there is a type 
of transgressive intrusion which Is belter described as a 
wedge or wedgedyke. The edge of the wedge U turned 
upwards and the outcrop on a level surface il dykeltke, 
but the sides of the we^e diverge downwardly one side 
being generally concordant to the country rocks and the 
other transgressive. 

The most thoroughly investigated examples of pipes 
are those composed of very basic rocks. Such are the 
^,^tnon 4 -h^ung " krmberUte pip^ of South Africa and 
Che smaller pipes of plalioum-bearing peridotlte in the 
eastern Transvaal, whkfa have been deeply explored m 
mining operations. The pipe which has become the 
Premier diamond mine is nearly a thousand yards in 
diameter; the Kimberley pipe is sj* hundred feet *cioh; 
but most pipes are mu^ smaller than these. They 
descend vertically or very steeply, and become narrower 
as they are followed downwanls^ but no pipe has been 
explored down to its root or origin. The greatest depth 
reached in the Kimberley mine was 3,600 feet. The dia¬ 
mond pipes have been shown id several instances to be 
«tuated at the intersedkm of two dykes, or else to be 
local swellings in the course of a dyke; these coocluslons 
are probably appKc^e to all ^pes. The linear arrange¬ 
ment of volcanoes, and their frequent location at the 


ERUPTIVE ROCKS IN THE FIELD »3 

junctions of two sets of intersectiog* lines, follow naturally 
from this relation of pipes to dykes. 

SiJls and dykes may be of any dimensions from a few 
centimetres up to ^alf a mile or more in width, and from 
a few feel up to scores of miles in extenabn. Dykea lend 
to occur in swarms, those of one swarm either being 
parallel (the commonest condition) or else radiating in all 
directions from a common centre. Superb illustrations 
of parallel dyke systems will be found on geological maps 
of the west of Scotland (Argyll, Mull, Invemaas) and of 
radial swarms in the Che>dot Hills, Scotland; Spanish 
Peak, Colorado; and the Crazy Mts-, Montana. 

Some dykej are composite, that is, they consist of two 
or more quite different kinds of rock, one kind occupying 
the centre of ihe dyke with the other or others mar^nal 
^ It. Such a composite dyke may result from successive 
infillings of an intermittently opened fissure, or from dif¬ 
ferential movement in the magma by which the early- 
formed crystals are swept to the sides of the fissure. All 
small intrusions tend Co show chilled margins *' of finer 
grain than the rest of the rock, and basaltic dykes often 
have a thin selvage of basalt glass on each side. 

Sills as well as dykes may be composite, but in tint 
case the change takes place from lop to bottom. Many 
thick sills are enriched with pyroxene, olivine and other 
heavy grains towards the base, and with feldspar and 
quartz towards the top, apparently in consequence of the 
sinking of early-formed crystals and the rise of a siliceous 
liquid residue. Instances of such phenomena are always 
worthy of detailed study, for what happens in a sheet of 
magma only a few hundred feel thick may be supposed 
to happen on a much greater scale io deeper levels of the 
earth<ru8t. 

Oykvrocks (using thb term io the Rosenbuschlan 
sense, to cover all rocks that occur In minor intrusions) 
are typically better crystallized than lavas, but every stage 
is represerrted between purely glassy rocks and completely 
crystalline, very coarse-grained ones. For this reason 
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ibc disiioction of dyke^ocks " from pJutonic rocks and 
UvM is a geological rather than a petroiopcal'distinction. 
Many dyke-rocks are por^yritk, lafg;e insets of feldspar 
bein^ particulariy conunon. While it Is often true that 
the largest intrusions are the most perfectly crystallized, 
and that narrow dykes tend to be glassy, this is no in* 
vanable rule. Dykeleta of pegmatite only a few miJli* 
metres wide may be CMnpletely and coarsely crystalline, 
while a body of porphyry scores of feet in diameter may 
have a cryptocrystalline grouodmass. The completeness 
of crystallization and the ^se of (be crystals (the cryrinl- 
Unity and the gniKidarjfy of the rock) seem to depend 
more upon the rate of loss of the fugitive CMistilucntt of 
the magma, consisting of water and dissolved gases and 
salts, than upon the rate of cooling. These volatile sub¬ 
stances with small molecules seem to play the part of 
catalysts, helping to build up the large, complicated mole¬ 
cules of the aluminosilicate minerals, and in their absence 
the latter often fait to crysuUice. 

A dyke which cuts a larger body of eruptive rock may 
have sharp margins or it may grade imperceptibly Into 
the surrounding rock. In the former case the dyke was 
clearly injected after the country rock had finished its 
crystallisatioA; in the latter case the two rocks may be 
of almost the same age, one being (he residual liquor from 
the crystaUisalion of (he other. When (wo dykes or u 
dyke and a sill intersect, it is generally poulble to ssy 
which is the younger of the (wo by observing the pre¬ 
sence of brokw crystals, endosurea, flow-lines or chillc<1 
margios. The observation may have an important bear¬ 
ing on the history of an eruptive province. 

Dykes and sills are always well jmnted in directions 
perpendicular to the bounding waUs. With several sets 
of joints, the whole mass may break up into prismatic 
columns^ as many basaltic lavas do. Sometimes the con¬ 
traction of the cooling mass of magma has been so great 
that mde transverse fissures were formed which were 
afterwards filled by material different from tbat of the 
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main l>ody. Thus graoitic dykes are sometimes crossed 
by “ ladder veins of white quarta; and basic sills may 
show transverse dykelcts of pegmaiicic or feldspathic 
nature. 

We have spoken of a sill as a parallel'sided sheet. 
In reality every sill must thin out and eventually come to 
an end» so the actual form is titat of an extremely (lat 
Icn:^. When the convexity of the lens is greater tliaxi 
usuah then wc ^ct a type of intrusion which has been 
called a bccolilh or stone<istern. The ideal laccolith has 
the shape of a plano-convex lens or simply a leciCil 
—with a more or less flat floor and a domed roof. If the 
channel through which the magma entered is in the floor 
of the laccolith, then the whole thing should have a rough 
resemblance to a mushroom with its stalk; but as the 
supply-channel is more likely to be a dyke tl>an a pipe the 
mushroom analogy is not a very good one. The essential 
point wbicb differentiates a laccolith from an ordi¬ 
nary sill is the rapid increase in thickness from margin 
to centre, and the consequent raising of the sedimentary 
roof in the form of a dome or blister. The ratio of thick¬ 
ness to horieontal extension in some of the laccoliths of 
the Henry Mountains is one to seven; in Shonkin Sag it 
is one to forty; in the average sill It is one to many hun¬ 
dreds. The roof of a laccolith is often well preserved, 
but laccoliths which allow any part of their floor to be 
seen are uncommon. One of the most compiste examples 
Is the Shonkin Sag laccolith in the Hlghwocd Mti. of 
Montana, which is beautifully exposed in a natural croas* 
section showing both roof and floor. The maps, draw¬ 
ings, and photographs of this laccolith, by J. D. Barks¬ 
dale and by C. S. Hurlbut, deserve careful study. 

Laccoliths, like thick sills, are often strongly difl’er- 
entiated, the lighter minerals being concentrated towards 
the roof and the heavier ones towards the 4 nor. Shonkin 
Sag shows a chilled margin of dark, porphyridc rock 
aU round; but within this shell the ro^ ia a coarse¬ 
grained mixture Of feldspar (I’g'ht) and pyroxene (heavy), 
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slxowiog a concanlraUon of feldspar about the centre of 
the mass. 

The phaei^iik cn^ht be described as a saddJe'Shap^ 
laccolith; it is a po5«We ii>crusioo*fonii amoDg- sedi¬ 
mentary beds which have been foMed into syoclines and 
aotidiues; but there is this important difference between 
a laccolith and a phacolith that the former is the cause of 
the folding* of Us coiuiby rocks while the latter is a con- 
ser]uence of folding*. The Corodon ^bect in Shropshire 
and the Aletsch mtd St. (iotlbard tnasscs in the Alps lm\*c 
been described as pbaediths, Tlie type has rocunOy been 
recogntxed in the Adirondack Mis. of New* York; llic 
phacoliths are of g*ramte, and are two (o fifteen miles 
long. 

The lopolith is a saoccr-shaped introsive body occupy¬ 
ing a tectonic basin. Tbe disposition of the roof is 
immaterial; it may be horizontal, syndinal or folded. 
This inirosion-form has several very important illustra¬ 
tions, The type-mass is tbe Duluth gabbro in Minne¬ 
sota, but perhaps tbe Sudbury intrusion In Ontario 
illustrates the type even better. Tbe outcrop of the 
Sudbury sheet is roughly boat-shaped, with a lengUi of 
36 miles snd a maxiniujxi width of t? miles. The roof of 
the intrusion is formed of sediments of the Animikie 
series; the floor is of granite and old metamorphic rocks. 
The bottom of tbe ** boat ’* is naturally unknown; it is 
possible that the mass is funnel-shaped rather than boat¬ 
shaped in depth. 

Another grand iUustratioo of the lopcUth is the Bush- 
veld complex of tbe Transvaal, which covers 250 miles 
from east to west and 150 from north to south. All 
round the margin of this comples intrusive body the sedi¬ 
mentary rocks dip inwards, forming a ba»a in which the 
eruptive rocks He; but tbe origioal roof of the complex 
has been largely eroded away and in part replaced by 
younger sediments. Such huge intrusions as this seldom 
coniorm exaedy to any of our simple type^ Although it 
Is CMvect to say that tbe Busbveld complex rests on a 
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scdhnentdry Soor, its relation to that floor is a g'radually 
traoagressive one, the base o£ the con^plex descending to 
lower and lower horizons from south to north. 

The Duluth, the Sudbury and the Bushveld lopoUths 
all show gravity stratification, the* higher horizons being 
composed of lighter, more siliceous rocks than lower hori¬ 
zons. The lower portion of the Bushveld complex shows 
a secondary dllTerentlation of a very complicated kind, 
lighter and heavier layers nlternating rapidly and giving 
rise to a kind of stcatiflcatlon. 

From the laccolith and the lopollth, which we know 
to have sedimentary floona, nt least in part, we pasa to 
the oonsiderafion of the stock and the still more giganiir 
htilhnlilh. These arc ilistinguishe<l from other Intrusions 
more by what wc do ntit know ilian by what wc do know 
of their atrucliu'o, our knowledge Iwing confined to the 
upper surface. The hatbollth and the stock (Prof. Daly 
has suggestetl that the latter lenn should be restricted to 
Intrusions that have an area of less than forty square 
in lies) have an intrusive relation to whatever rocks they 
invade; tlieir tops are domes, from which wedges, dykes 
and (wpes project Into the country rocks. On the flanks 
of the dome the eruptive rock descends slowly until it 
passes beyond our range of observation. Of the floor of 
n batholiih. If it has a floor at alU nothing is known, 
in short, the characters of a bathollth arc great size, 
great thickness, irregular shape, and generally discordant 
(transgressive) relation to the country rock. 

Tlie term flutrm (the complement of Vulkan or vol¬ 
cano), due to H. Cloos, may 1 )e allied to any deep- 
seated Intrusive body, regardless of its size or shape. 

The conception of a bathollth as a floorleas intrusion 
has been challenged. W. 0 . Foye was able to show that 
some of the supposed granite batheUths of Ontario are 
really floored intrusions of laccollthic type; and H. Cloctf, 
in a series of brilliaut tectonic studies, ha.s shown that 
other supposed bathollths are in reality thick sheets or 
cakes which have been intruded laterally, not vertically, 
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into tbeir present portion. Goos* method of study 
depends on the ioterpreution of such stnxctures ss folla- 
cion^ joints, floW'baodio^, and p^madte veins in the 
rock. WhM viscous magma in the act of crystahiaog is 
subjected to unequal cotnpreasioo, structures are 
developed which fono a pcRnaaeot record of the distribv- 
tioo of pressure within tht mass. The growing crystals 
tend to arrange theoiselves with their long axes per¬ 
pendicular to the direction of greatest pressure, and so 
give a distinct gfwin to the rock; and irmns of enclosures 
and streaks of darker or lighter contaminated or dlfTrr' 
nntiated in&gma assume the same orientation. As solidi¬ 
fication a<lvances, shriokage-cracks are formed whic’h 
naturally gape in tbe direction of least prc.ssurc and llicrO' 
fore strike tn the direction of greatest pressure; these 
cracks may become filled with pegmatite or vein^u&rlz. 
After the last of tbe fluid has solidified, further cooling 
leads to (be development of open joints, of which the 
main series are parallel perpendicular to the grain of 
the rock; and stfll later adjustments give rise to shear- 
planes and gliding-planes. Thus tbe accurate mapping 
of the principal structural directions observed in various 
parts of a large intrusive mass gives a key to the direc¬ 
tion and discributiM) of pressure at the time of intrusion, 
and so to the manner in which tbe mass came into place. 

The huge intrusions which are called bath^iths, 
whether they really conform to tbe definition of the type 
or not,sseem in almost aQ cases to be composed of quartz- 
rich rocks such as are covered by tbe name *' granite " 
used in a wide sense. Batboliths of the largest size fre¬ 
quently show one monotonous type of granite, scarcely 
varying even in texture, over hundreds of square miles. 
In other cases there is a wide marginal zone of mixed 
rocks, within which granitic and sedimentary material— 
the latter highly altered by contact metsimorphiam—are 
intermingled in the most complicated fashion. Near such 
contact^oes the granite may be found to bold unusual 
minerals such as cordierite, andalusite, siflunanite, garnet 
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or opidote, and to $how a rapid change of composition 
from normal granite into gTan<^iorito» syenite, pyroxenlle 
and other rocks. 

In Che case of minor intrusions^ the manner of 
emplacement is obvious enough. Oykes have been in¬ 
jected from btiow, along fissures which either existed 
beforehand or were opened up in front of tbe advancing 
magma as wood splits before a wedge. Sills spread 
along existing planes of weakness — tbe bedding-planes 
between layers of sedimentary rock—and so do laccoliths 
and phacolirhs. Certain geologists have claimed that sills 
come Into position by dissolving and replacing a particular 
bed, but the chemical evidence is completely opposed to 
any such contention. That does not mean, however, that 
it is impossible for a UmtUd amount of sediment to be 
dissolved or incorporated in the advancing magma. 

The lopollth or basio-shaped intrusion is itarder to ex¬ 
plain, yet in abroad sense It seems to have been directed 
by the structures of the country rocks. It Is when we 
come to the great transgressive intrusions, the stock and 
the bathcUch^ that the difficulty of understanding the 
mechanics of the intrusive process is greatest. It has 
been daimed that bathoUths rise by dissolving the solid 
rock whose place they take. It is true that there iz often 
strong evidence of corrosion and solution of the wall- 
rocks, but in general the demonstrable amount of 
assimilation is absurdly out of proportion to tbe 
m^rnitude of the intruaive body. Did the batho- 
lith come into being, then, by the magma squeea- 
ing aside the rocks whose place It takes? To some 
extent this is true, but more often die invaded rocks have 
been abruptly cut across instead of being pushed aside. 
In that case tbe only explanation that remains is that 
great blocks of the country rock were wedged away from 
the roof of the rising batholith, and that they sank down 
through the magma, to accumulate—or it may be to be 
dissolved—at deeper levels beyond our observation. This 
process has been c^led " overhand stoping." It is most 
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Ukely that displacement of beds, stc^^, and solution 
have all played a part In making rooni for the ^reat 
traosgressive intru^na. 

In the case of the great graoiiic plutons, it is held by 
some that they were generated in place by transformation 
of sedimentary rocks under the influence of ascend! o? 
solutions rich in aJkalh^. This hypothesis gct« rid of 
the mechanical {vobiem of intnisUm, but raises chemical 
problems which can only be solved by piling hj-pothesis 
on hypothecs. We shall not discuss tltc matter here. 

C^e of the most interasting proUems in petrology is 
to find out to what extent a given magma has been 
affected in eomposition by diss^ing material from Its 
walls, There is need of far more evidence than \vc 
possess in this matter; and it is essential that field evi¬ 
dence and mineraJogical observations should be confirmed 
by good and adequate chemical data. In addUion to the 
modifiettioBs suffered by the magma itself, at its junctions 
with other rocks, the effect of the heat of the magma and 
of magmatic emanations upon the country rock must also 
be studied. 

The vari^ions in mineralogTcal and chemical com* 
position which are shown by many eruptive masses, from 
one part to another^ are specially Interasciog for die light 
they throw on the history of the magma. Examples of 
such variadoos have been mentioned on earlier pages— 
they include composite dykes, sheets and laccoliths show* 
ing gra^ty stradficadon, batholiths with basic marginal 
facies, and so on. Sucb pbeaomeDa are someiimes 
described as if they were the result of a mysterious pro¬ 
cess called ** magmatic differendatkm.” To say that a 
peculiar rock-facies is '* due to magmatic differentiation 
is to say that a thing is different because it is different, 
and explains nodiing. One might as well say that the 
relative positions of London and Paris are '* due to 
geographical distribution." Magmatic differendatlon, 
like geographical distnbutkm, is a result, oot a process, 
and it has many posable causes, some of which have been 
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hinted at in the foregoing* pa^s and all of which deserve 
most particular study by the petrologlst. 
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CHAPTER III. 

THE COMPOSITION OF ERUPTIVE ROCKS. 

It is ntbdr surprisiag to fiod that lo spite of the great 
difference iq appearance betweeo one rock and another, 
I he same minerals occur in nearly afl. Quarts, feldspar, 
mica, aug^te, hombleode, olivhte: every known eruptive 
rock contains one or more of these, aud most contain two 
or more. Add tourmaline, garoet, magnetite, tlmenile, 
sphene and apatite, and you have all the significant in*, 
gredieots of ninety-nme per cent, of the eruptive rocks. 
Add six more: nq^helioe, leumte, arcon, e^dolc, spinel, 
and pyrite: and you have all that you are likely to come 
across even ia a wide experience. This makes the study 
of eruptive rt»cks seem very simple, but the appareat sim- 
plidty is neutralized ^ the* compto coostltutiOD of some 
of the above ^Itcates, wbkb have the character of solid 
solutions with a wi^ range of chemical composition. 
The nature of s<^ solutloii may be illustrated most 
simply by reference to simple salts which are soluble io 
water. 

The sulphates of magne^um, zinc, nickel and cobalt 
are isomorphous, that la, they have very similar chemical 
properties and In addlckm they form crystals of nearly 
identical habit and axigles, each hiding seven molecules 
of water of crystallizatioa. If a crystal of one of these 
salta—say magne&urn sulphate-^ introduced loto a 
saturated solution of aoother—say the cobalt salt—it wOl 
grow as freely as if It were in its own mother>Iiquor, but 
the new layers will be formed of pink cobalt sulphate. 
If the crystal is removed after a time and placed in a 
saturated solution of the nickel salt, the pink layer wiU be 
succeeded by a layer of green ntdcel sulphate, and so on. 
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But if all four sulphates ire present in one solution, then 
the crystals which separate out on cooling* are homo¬ 
geneous, and each contains all four sulphates almost in 
the proportions in which they are present in the liquid. 
It is thus possible, by varying the composition of the 
solution, to prepare crystals which shall contain any de¬ 
sired proportions of ainc, magnesium, nickel and cobalt; 
and if one were given such a crystal, it would be Impos¬ 
sible, without chemical analysis, to ascertain its precise 
composition, 

Such crystals, whose composition varies with that 
of their oiother'liquor, are solid solutions; and the pro¬ 
perty of forming solid solutious and layered crystals, or 
oveig’rowths. is characteristic of all isomcrphcus sub¬ 
stances, It is a consequence of ^mllarity of Ionic 
radius nml of valence, in the mutually replaceable 
ntoms. Among the rock-forming minerts, cases of 
Isomorphism and solid solution are so numerous and 
important that they have led to the grouping of these 
minerals into large “ natural families,’* the names of 
which are usually better known then those of the simple 
species which make them up. We must now pay some 
attention to the chemical charactera of the principal 
families of rock-forming minerals. 

The Feldspar Family contains four distinct spedea, 
in nature, and several series of solid solutions. The 
species are:— 

KAJSi.O. (orthoclase or mlcrocline) 

KaAlsVo, (albite) 

CaAJ,Si,Oj (anorthite) 

BaAl,SI^O^ (celslan) 

Orthoclase and albite form a series of solid solutions 
which are called soda-orthodase or potash-albite, accord¬ 
ing to which component preponderates. Practically all 
the orthoclase ” which we identify In rocks Is soda- 
orthoclase, containing an average amount of fifteen per 
cent, of albite, according to H. L. Ailing's determina- 
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tions. Under changed phrwaJ conditions, these solid 
solutions sometimes s^t up into thdr compooenU, or 
“come uomixed," so giving rise to the minute inter- 
growths of ortbodasc tod albitc which we know as per- 
thite and micrtperthite. Microdioe is a Icm -iemperature 
form of potash-fekUpar, found especiaJly in the more 
coarse-grained rocks. 

AJhite and anorthrte give a series of solid solutions to 
which Che group-name of plagiodase “ is applied. 
Oligoclase, andesioe, labradorite vtd bytownite are names 
given to those sections of the i^agioelase series which 
bold from xo to 30> 30 to 50. 50 to 70, and 70 to 90 f«r 
cent, of anorthiie respectively. T 1 »c (xystals of plagto- 
claae in rocks are sometimes homogeneous anti sometimes 
layered, like the magnesium sulphate crystals described 
above. In the tarter case, the cores of the crystals are 
generally rich in anoithice and the layers are progressively 
richer'in aJbite towards the outside. 

A soda-anorlhite, Na,AJ,Si^O„ has been prepared 
synthetically and named carnq'irite. Pure oeroegieite 
has not yet been poritively identified in any rock; but cer¬ 
tain basalts which have a very low silica content, Al¬ 
though they concairt no fe)dspaih<Mds, have been sup¬ 
posed to hold soda-anorthite in solid solurion in plagfO- 
clase. 

Ternary solid s^utioos, containing ortboclase, albite 
and anorthite, occur; indeed tbe members of the 
binary series that we have been discussing nearly always 
hold a little of the third compooent, but either so little 
lime is present that tbe mineral does not differ greatly 
from sodaHxrthoclase, or else so little potash that the pro¬ 
duct is scarcely distinguishable from a binary plagiodase. 
The composition of any feldspar is cooveniently expressed 
by the use of Or, Ab and An as shorthand symbols for the 
pure components; thus Or,^ Ab^, is a soda^rtboelase and 
Ab,^ An,^ is a plagiodase falling in (he labradorite range. 
(TlW numbers indicate parts 1 ^ weight, not mdecular 
proportions.) 
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The Meiftsilicate Family. Thid is a cooveoient 
sack-oame for the two series of minerals known as the 
pyrcxenes and the amphiboUs, which are distinguished 
mainly by a differeoce of crystal habit. The> pyroxene 
liabit Is cliaracterizcd by a clcava^^e angle of about 90°, 
the amphlbole habit by an angle of about 55^. The 
simple pyroxenes and amphiboles are as follows:— 


Pyroxsiie fonuula- 
I. MgSiOj 
t, FeSiOj 
3. CaSiO, 

, 4. CaMg'fSiO,)* 

5. Cftl<'fe(SiOA 

6. NaAl(SiO,l, 

7. NaFe(SiO,), 


Pyroxene. 

Enstatite 

Wollastonitc 

Diopslde 

Hedenbergite 

Jadeite 

<€gifine 


Anthophyllite 

GrOnerite 

Tremclite 

Glaucophane 

Riebeckite 


'I'he chemical formula of an amphtbolc Is more com¬ 
plex tlian that of the corresponding pyroxene, the unit 
cell containing eight SI atoms» and one atom of Mg* or 
Fe being replaced by two (OH) groups. Thus the 
formula of anthophyllite is (OH),Mg,Si,Ojj, and ircmo- 
lUc is (OH)aCa,MgsSi,Oaa. 

From these simple species a wide range of solid solu¬ 
tions may be formed. It wBl simplify matters if we think 
of them in four groups, as follows:— 


Group A- The orlhO’pyroxenes arc solid solutions of x 
and 2, crystallising in the orthorhombic systero. 
The name hypersthtne is given to tlxose* richer in 
iron. 

Group B. The cUno-py*oxenes are monoclinic in 
crystallization. They fall into four series. 

(aj The diopsids series contains molecules 4 and 3. 

(b) The dugit« series contains some Al,Oj and 

F«, 0 , in addition to the above. 

(c) The pigeonxU series has i and 4 as its charac¬ 

teristic member.s. 
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(d) The s^-dicffid 9 senes contwns Ko. 7 ^onf 
with Nos. 4 sJ)d forming what Is sometitnes 
called '* agiripe^ugite.’* 

Group C. Ortko^OMphiboUs are Oftly (ouod io meU- 

morphic rocks. 

Group D. Clmo-«mpA*froI« faU into three senes- 

(a) The actindiU s^ies, consisting of tremoUie 

and Its iroO“bearing variety, actiftolite. 
These correspood to the diopside series in 6, 
and are foni^ only 10 metamorphic rocks. 

(b) The hombUnde series, corresponding 1© the 

augice series lA B. 

(c) The soda-^mphiboUs. including gUucophane» 

riebedcUe, crtxiidolite, and a nunb^ of ill- 
defined varieties, such as arfvedsonile, hast- 
irtgsite, barkevildte and. caCophorite^ which 
are intermediate b composition between com¬ 
mon hornblende and the true soda-amphiboles. 

When one cmisiders all (he possibilities in the way of 
solid solution io this family, it becomes evident that (he 
" augite ” and the '* ht^blende *' which the petro- 
grapher identifies in his rock secciwis are far Indeed from 
being minerals of definite coroposition. The following 
table illustrates the wide range of composition observed in 
spedmens of augite and hornblende from various erup¬ 
tive rocks. 


dHgife. HornbUnd*. 


SiO, 

44-.S 

to 

53-^ 

38.4 

to 

54-^ 

Al,0, 

3.a 

>1 

9.1 

>5 

• 

>7-5 

Fe,0, 

O.S 


7-9 


1 

19.1 

Feb 

*•4 

>« 

15.0 

0.9 


aa.3 

MgO 

10.0 

»• 

17.0 

»'5 

i 

>9S 

CaO 

>5-9 

>1 


9-5 


>4-3 

Na.O 

m2 


>•4 

tta 


3» 

K,0 

ml 

>> 

r.i 

nil 

* 

a-t 

Tia 

nil 

It 


ttO 

I 

X0.3 


fiS 



nS 

, 

S.7 
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The Mica Family contains the folbwing* species: 

Muscovite, (OH),KAl,(AJSI,Ojo) 

Phlogopite, (OH)»KMg',(AJSi, 0 ,,) 

Biodte is similar to phlogoiMte but contains much iron, 
and leiHdolite is a lithia^bearin^ mica. Fluorine is often 
present, especially io the Uthla'micas. The ran^ of com> 
position (hat is exhibited by rock-forming’ blotite appears 
in the foliowing table 


SiOj from 

3S.0 

to 

50-9 

A1,0, 

to.9 

, 

36.7 

Fe.O, 

trace 

> 

24.9 

FeO 

»»' 

, 

30*3 

MgO 

0 

3 

28.9 

Na^O 

It 

( 

a -7 

K,0 

6.5 

3 

10.2 

Li^O 

trace 


Si 

H,0 

>» 


6.2 

TiO, 



47 

F 



7.6 


The Toumaiine Family. Majiy elaborate forinulm 
have been proposed to express the constitution of this 
complex family. According to Bragg, the unit cell con¬ 
tains about X50 atoms, of which 93 are ox^en. The 
proportion of aluminium is always high. In common 
black tourmaline the other metals are chiefly magoe«uin 
and iron, and ail tourmaline contains about 10 per c^C 
of B, 0 ,- Fluorine is a minor component of most varie¬ 
ties, and a variable amount of water or hydroxyl is always 
present. The compoation of common tourmaline is con¬ 
sequently quite as variable as that of hornblende or 
blotite, as the following analytical daU will show:— 
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SiO. 

3^6 to 41.1 

8*0, 

9 

,* It 

Mfi, 


1, 44 0 

Fe,0, 

(race 

M 6.6 

Cr,0, 

ft 

to.8 

FeO 

ii 

>1 *4-4 

MgO 

r 

24-9 

CaO 

•1 

n $• t 

Na,0 


n $■$ 

K,?> 


.. 2.1 

l4o 

.•« 

.• r.7 

H.0 


n 4*6 

F 

ft 

t-i 


Th^ OliTifis FjuniJy. So wnwnn eruptive < 

rocks, this 13 a ^oup (A orlhosilkates of ma^ocsiu and 
iron. 

The siaple olrriaea axe forstertte, and 

fayalite, Fe,SiO.< The common olivine of gabbroa and 
baselu is a SMid .solution of forsterite sind fayalite, 
the observed raage of COnipositiM being rou^y as 
follows 


SiO, 

36 

to 42 % 

TiO, 

ml 

.. 6 

PeO 

5 

49 

MgO 

i5 


CaO 

ml 

1. M 

MnO 

nil 

>• 1-5 


The Nepbeline Family. In addition to uepiudinu 
itself, we may place in family the sodalile group of 
minerals and caacrioit^ all of ^kh are most simply 
regarded as additioo products of n^beline. The 
empirical formula for nephellne >s NaAISIO^; and the 
fonnuls of sodalite, baQyoe, noeean and cancrioite can 
be written in an eaaly remembered form as 6Nephe1ine + 
Na^l,, 6Nepheline+CaSO^, dKef^elioe + Na^SO^, and 
6N^beline-f NaHCO, respectively. * 
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Pure kaliophlUte or potash>nephdine is a rare iniDeral, 
but most natural nepheline is a solid solution of. kaliO' 
philite in n^heline, having roughly hve times as much 
soda as potash. The following range oi composition has 
been observed In nepheline 


SiO 

41 9 

to 45.1 

ALO, 

29.4 

*> 34 -S 

N 4,0 

14.4 

„ 18.6 

K> 

'9 

0 7-1 

CaO 


,, 2.0 (impurity?) 


The members of the nepheline family, together with 
Irucitc nncl analclmc, arc often called “ feIdspafhoid</* 

l.(«udte and Analcime. Tlic empirical formnln of 
Icnciic is KAI^uOj. The formulft oE analclmc Is slmi* 
Inr to lluit of Iciicitc, with soda In place of potash, 
and with water oC crysiollixatlon added; It Is generally 
written NaAlSljOj + H, 0 . J. Lemberg showed that 
leucite can be transformed into analcime, or analcime 
into leucite, by treatment with solutions of soda and 
potash sajts respectively at 180'^. lu spite of this simple 
relationship, natural leucite contains very little soda, and 
natural analcime seldom more than a trace of potash. 


The Garnet Family includes a number of isomor- 
phous species which conform to the empirical formula 
RjX,( 5 iO^)j, where R stands for magnesium^ calcium, 
ferrous iron or manganese, and X for aluminium, ferric 
iron, titanium or chromium. Some of the simpler species 
are as follows:— 


G rossulariie Ca, AI^(SiO.). 

Pyrope Mg,Al,(Si <51 

Spessartite Mn,AL(SiO.), 

Almandine Fe, Aj j (SiO,), 

Melanite (andradJte) Ca4Fe,(SiO^), 

Common garnets are solid solutions of two or three of' 
these species at once. Grouularice Is confined to meta* 


3 
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morphic rocks, but the other sp^es occur sesntily \n 
eruptives. Pyropc is fouod io higUy msguesian rocks 
With a low conteot of sUica; melanite also ia rocks of 
low silica content, especially near contacts with lime¬ 
stone; almaodioe and ^essartite occur io very acid 
granites and p^malites. Tbc following range of com¬ 
position is shown by die ^ncU of eruptive rocks:— 


SiO, from 

36.1 

to 44 -$ 

ai,6, ' 

trace 

- * 5*4 


es 

M 

„ 39.1 
.. 33 8 

MnO 

19 

3S.3 

MfO 

ee 


CaO 

se 

>. 32-8 

TIO, 

jh 

« 2*-3 


The Melilite Family. TWs complex group of solid 
solutions is not yet fuUy understood, but it is thought to 
contain the following molecules 

I. Gehlenite . 2 CaO, Ai^O^ SiO, 
a. Akemanite 2 CaO, MgO, a $iO, 

3. Soda-meliUte >fa,Si,0, 

According to Bragg, the general fonnulft Is 
(Ca,Na),(Mg,Ai,Si),Oy. Analyses of melilite show the 
foI)m?iAg range of composition:— 


SiO, 

3®-3 

to 

44-7 


^4 


ts.o 


0-5 

nJi 

ti 

1, 

10.3 

3-7 

MgO 

57 

,* 

$.$ 

CaO 

27-5 


35-6 

Na^O 

K,6 

<•9 

,1 

47 

•3 

•I 

J.5 


The Epidote Family appears, from its empirical 
forxDUla, to be closely relat^ to the garnet family. 
The simple time-ejudote (zoisite) has the formula 
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C<is(AlOH)Al,(SiO,),. Com moo epi^ote differs from this 
only by having pa;( of the sliuntnium replaced by iron. In 
allaniie, or cerium epidote, alucntnium is partly replaced 
by cerium, lanthanum, and didymium. 

The Silica Group. Quarts is the stable form of 
silica at all lempcraEurcs up to S70® Qg .; above that tern* 
perature it transforms into tridymite. Quartz itself 
exists in two forms which differ slightly in appearance 
and crystallographic character and have a transformation 
point at 573®. The high-temperature form, or ^g-quartz, 
Is the one usually found In eruptive rocks; It crystallizes 
in simple hexagonal bipyrnmlds. The low-temperature 
form, «i-qii&riz, occurs in some coarsegrained granites 
and pegmatites; It Is also the common form In quartz 
veins And drusy cavities, and it is characterized by n 
strong development of the prism faces, which arc capped 
by pcsidve and negative rhombohedrons. Quartz alone 
is found in deep-seated rocks, but tridymite is not un¬ 
common in acid lavaa. Chalcedony and cpal are low- 
temperature forms of silica liberated during weather¬ 
ing; they are never found in perfectly fresh igneous 
rocks. 

Other Oxides. The commonest of these is mag¬ 
netite, FcjO^, or FeO.FejOj. The ferrous iron in this 
formula is re^aceable by magnesium or manganese, and 
the fettle iron by aluminium or chromium, giving a series 
of isomorphous compounds which are known collectively 
as siMnel. Ferric iron is also replaceable to a consider¬ 
able extent by titanium, giving titanomagnetite, which 
forms a connecting link between pure magnetite and the 
highly titaniferous ilmenite, FeTiOj- 

Hematlto, Fc^O,, is a scanty constituent of many 
eruptive rocks, and js perhaps in most cases an alteratloD 
product. Corundum, A],Oj, is an uncommon constituent 
of eruptive rocks; It Is found fbiefty In quartz-free 
pegmatites. 
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Zircon and ZirconsilicaUs. The prindpal mmcrals 
which carry *ircooium» in eruptive rock8» are 
Zircon, ZrSiO^ 

Eucolite (eudialytc), Na,Ca*(SiOJ,ZrCl 

Also catapleiice, wObkriU, roseobuschite and others. 
Zircon aJoue is of common occurrence; it is present in 
most rocks, but only In minute i^uanlity. 

TiUnosilicates and TiUnaUa. Many minerAls 
have already been mentioned in which titanic arid I'c* 
places sUtcic add to a limited ex teat. 'llw foHowinf' 
should be added 

Sphene, CaSrfiO, 

Perovskite, 

AstrophyUlte, Fc^NI iSi*0 „ 

Sphene is very comoMm in granites, tonaUtes, syenites 
and nepheline rocks. 

Phosphates. In addition to apatite, 3 CaaP, 0 ,, 
CaF.. which is found in traces in nearly all eruptive 
rocks, it appears that xeootime, VPO^, is not uncommon 
in granite and syerutes, where it is often mistaken for 
ftreon. Monazite^ a phosphate of the cerium group of 
metals, occurs In some granites. 

Sulphides. Iron pyrites. FeS„ and pyrrhotite 
(magnetic pyrites) Fe,S are common. Other sulphides, 
such as chalcopyrite, CuFeSj, bomice, Cu^FeS,, pent* 
landite (Fe,NI)S, and mispickel, FeAsS, are occasionally 
identified. 

Floorldes and Flaoalicatesu Among these arc 
fluorspar, CaF,, and topaz, ^AlF^jSiO , both of which 
are often found in the marginal &cies or granite masses 
and in pegmatites. 
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THB RSLATIVS ABUNDAKCB OP VARIOUS MINERALS AND 
OXIDES. 

By comparing the proportions of the principal 
Diiiiecals in thousands of rocks, P. W. Clarke was 
able to make the following estimate of the mioeraJogical 
composition of the average eruptive rock 


Feldspars . 

59 percent. 

Pyroxenes and amphlboles ... 

17 

>» 

Quartz . 

a „ 

•i 

Micas . 

4 >> 

i> 

All other minerals together... 

8 

•i 


We also owe to F. W. Clarke, together with H. S. 
Waaliington, a most careful computation of the average 
chemical composition of eruptive cocks, which is as 


follows J— 
SIO 

59. J2 

TiO, 

1.050 

'.^•34 


,S 99 

CaO 

S-oS 

hlnO 

.104 

Na.O 

384 

CO, 

.101 

FeO 

3.80 

S 

•052 

MgO 

3 < 4 d 

C) 

.046 

K,0 

3'3 

2 rO, 

,039 

Fe,0, 

3.08 

F 

.030 


115 

Rest 

-227 


It is also of interest to observe the maxima and minima of 
the principal oxides. For this purpose we should exclude 
from consideration the pegmatites which carry low-tem¬ 
perature quarts aud pass over into pure quartzveios, and 
also all rocks which carry an unusually large proportion 
of oxides, sulphides, or other non-silicate minerals- Sub¬ 
ject to these limitations, we find that silica varies 
between forty arud mghty per cent., the higher value being 
approached by many granites and the lower one by rocks 
that are rich in anorthlte, olivine, nepheline cr meliJice. 
Alumina may be almost zero in olivine-rocks, and it rises 
to more than thirty per cent, in those rich in anorthite 
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or nepheiine- Ume is most sbuodant in soni« garnels 
and in diopsidc and anMlhite; over twenty-five per cent, 
of lime bes been recorded in certain garnel-beanng 
pyroxwites. On the other hand, the proportion of lime 
in alkaline granites and in per^tites is almost zero. 
Magnesia reaches its highest value-^icarly fifty per cent, 
^in peridot!les, and sinks almost to nothing in many 
granites and nepbelioc rocks. Soda approaches twenty 
per cent in rocks that carry much nepheiine or sodallle, 
and dwindles to vanishing point in pvridotites. Potash is 
highest in rocks that contain much leucit^ as piuch as 
eighteen per cent, haring been recorded io an extreme 
casc^ and sinks almost to zero in anorthosites and 
peridot)u». Over ibirly-five per cent, of ferrous oxide 
has been found in a pcridotilc Uiat carried an exception* 
ally iron-ridi variety of olevine; while s«ne granites hold 
no more than a trace of iron in any form. 

Tbe rarer oxides in eruptive rocks arc often observed 
10 vary in sympathy wilIi certalo of the more abundant 
ones. For instance, tin dioxide is only found in roc ks 
with a great excess of silica; itkkd and chromium oxides 
ii) highly magnesiao rocks; man^esc and vanadium go 
with much iron; and strontia with Ibnc. Bari«, on the 
other hand, Is associated particularly wiUi potash; wliilc 
richness io soda generaUy involves an unusual concen¬ 
tration of sifconia, titaoia and rare eartlis (uerla, yltria, 
etc.), as well as manganese, chiorine, fluorine and 
phosphoric acid. Such observations as these clearly in¬ 
dicate the importance of petrologj' in the study of ore 
deposits. 

When one has identified all the minerals in a rock, 
and determined their proportioos by the use of a micro- 
meter or otherwise, it is possible from these data to cal¬ 
culate the chemical ccenposition of the rock. The 
columns that follow give the composition of the granite 
of Butte, Montana, as determined (i) by direct analysis 
(H. N. Stokes), (2) by computation from tbe minerals 
present (J. P. Iddii^s). 
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(») 

(^) 

SiO, 

64.34 

64.83 


i 5 - 7 a 

16.42 

FeO. 

1.62 

1.48 

FeO 

J.94 

3.39 

MgO 

2.17 

2.01 

CaO 

4.24 

4-35 

Na ,0 

8.76 

s-97 

K,6 

4.04 

4.XX 

H.O 

t.OI 

-67 


Tbc agreement is reinarkably good. The converse pro¬ 
cess o£ calculating the mioeraiogical composition of a 
rock from the results of chemical analysis can seldom be 
performed with equal certainty, because under diAerent 
conditions the same group of oxides may combine in vari¬ 
ous ways, giving dilTerent minerals. To take a single 
cascj a mixture of potash, magocsia, alumina and silica 
may form either ortlioclase and olivine or ieucite and 
enstniite, as tJie following equation shows:— 

KAlSijO, + MgjSiO^» KAlSi^O. + sMgSiO, 
(orthoclase) (olivine) (leucitcj (enstatite) 

It is for this reason that the mineralogical rather than the 
chemical composition of rocks has generally been used as 
the basis of classification. Given a statement of the 
mineralc^cal composition such as is conveyed by the 
name dolcrite, one can form a mental picture of the rock; 
but from a statement of the oxides present in the rock it 
is not usually possible to form such a picture. 


WORKS OF REFERENCE- 
Descriptlons of all the rock-forming minerals will be found 
in the works named at the end of Chapter I. 




CHAPTER IV. 


THE CLASSIFICATION OF ERUPTIVE 
ROCKS. 

Almost U)e difBcuJty that a student mMts is 

what to call a rock when be has finished studying it. 
The writer, as a studoni, was once faced with Uic new- 
sity of choosing between graoitite, granodionte, lonalile, 
adamellite, banatite> quaru-ownsonite, and quarU*dior> 
ite, and came after many hours to the conclusion tltat it 
didn't matter which name be used «ncc all seven names 
indicated the same association of minerals and none of 
them had been defined in quantitative terms. The ease 
was not nil unusual one; hud tlie rock contained nephehne 
the clioice of names might have been wider still. The 
ti*utb is that rock names have been cmned in a most hap* 
hazard way by workers* who have followed no plan or 
governing principle; and instead of dilTerent names in* 
dicating dificrcol objects, as (hey do in botany or 
chemistry, the names overlap rn all directions, so that one 
rock may quite well be covered by half a dozen different 
names. 

The germ of this confustoo lies in the nature of the 
rocks themselves. Granite does oot ^ffer from diorite as 
oak does from a^. Oak is one genus and ash Is 
another, and there are no intermediate forms between 
them; but granite passes in the field by gradual modifica¬ 
tion into dioHte, and there is no natural boundary at 
which one can say, here granite ends and diorite b^ins. 
So geologists, finding rodcs of intermediate composition, 
have generally taken the easy way of giving them new 


3 * 



THE CLASSiFICATtON OF ERUPTIVE ROCKS 37 

names, To such lengths has this practice of coin jog 
new names been carried that there are now more than six 
hundred names in existence for eruptive rocks alone. 

The earliest attempt at a systematic classification of 
rocks was made by Linnaeus in the middle of the 
x8th century- This, great naturalist believed that 
rocks, as well as animals and plants, group 
themselves naturally into “genera” and "species” 
having constant and easily recognizable characters. 
Although Unnaeus’ classification soon fell into disuse, 
concurrently with the advance of mineralogical chemistry, 
tbe concept of “ rock species” survived and persisted all 
through the 19th centurv. Even to-day, petre^riphers 
have not entirely outgrown the tendency fo name rotks 
in accordance witli oid-fasinoned ideas of what constitutes 
a " species” or "rock type.” The history of petro* 
g^raphy In the soth century has been n succes^on of at¬ 
tempts to break away from these old ideas, and to replace 
titem by dicmical and physical coocepls or subject U)em 
to arit[m>cticsil control. Unfortunately none of these 
alivnipts 1ms commanded g'uneral Hcccpiunue, so every 
pctrog»Taplicr has gone his own way, conferring new 
names and establishing new “rock types” without re¬ 
gard to any system; or else sctiing up bis own system 
and inventing new names to go along with it. 

For the present, students should try Co make them- 
helves familiar with Uxe principal systems of classification 
that have been widely used, and learn to appreciate the 
good and tbe bad features of eadi. Of the many classi¬ 
fications that have been proposed. Un are more or less 
fully summarised in the followiog pages. It is not in¬ 
tended to suggest that all of these ten are better than 
certain others that are not mentioned here. The selection 
was governed partly by the wish to present a variety of 
dilTerent methods upon which studenrs might ezerdse 
their eritica] powers. Of these methods, all have been 
used in more less widely known text-books. 
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Ferdinand ZirkeL In bis great Lehrbuch der Pctro’ 
graphU, of which the first edition appeared in 1866 and 
the second (and last) in i893-4» ^ hU Mifernibo?irc/itf 
Beschofftnkeit dtr MinercJim uttd G*sleine (1873), ZIrkel 
employed and strengthened a foundation that bad been 
laid by Justus Roth, Bernhard von Cotta, and otbw 
pioneers of the pre-rnicroscopic penod. Zirkel’s class!* 
ficatioo is a mlncraiogical ooe in which texture plays only 
a secondary part. There are seven great roincralogical 
classes which are defined in clear and unequivocal terms, 
and within each class there are two divisicms which 
express the degree of crystallisation. These divisloivi an* 
described as (a) evenly granular, (b) porphyrilic and 
glassy. The first group con^sis maioly of phitonic 
rocks, the second of dyke-ro<As and lavas. Against Ills 
own judgment Zirkel perpetuated a subdivision of the 
second group on the ba^s of geoh^lcal age, wliicli v as 
i'urront ni Germany in hSs tinte but has since been 
abandoned by everybody- If wc cut out this unforluimW 
feature, Uien w’u can show the main divisions of Zirkel a 
classification in a very simple table (page 39). Besides 
illustrating Zirkelsystem, this uNc should serve to 
introduce the reader to such common names as graniic, 
rhyolite, syenite, trachyte, diorite, andesite, gabbro and 
basalt, which we shall use in this chapter vrifhout any 
further explanation. Witlib most of the groups shown 
in the Uble subdivisions were set up, bringing Ihc num¬ 
ber of distinct rock names used in Zirkd's system up 
to sixty-six. 

H. Rosetlbnsch. In the hands of this Inspiring 
icaclter, whose Afiirnakopfscha PhyriogMpbfe der Mintra- 
U$n und G^steim went through four editions between 
1877 and 1907, the system of Zirkel and Roth became 
increasingly complicated by the addition of new classes 
and families, which invnlved the creation of many new 
names. The seven rainefalogical dassea of Zirkel*s 
system became ten, in the case of plutonic rocks, and 
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fuurCceo in tbc oase oC lavas; and in addiliou Roseobuscli 
established an entirely new diwsioa of dyk^-rocks which 
was itself suMivided Into three branches. The number 
of distinct specific names which were indaded in ZirkcTs 
index in 1893 was 139; Rnsenbnsch in 1907 listed 304 
names. It would not be right to hold Rosenbuch 
responsible for the creation of all these new names, 
although many of them are due to him and more to his 
Students; but he hcW such a dominating position in 
petrology at the banning of the century that if he had 
set his face against the undiscriminating manufacture of 
new names we should have been spared many of our pre¬ 
sent troubles. The majority oi the new names refer to 
dyke-rocks, and for the confusion in the nomenclature of 
that group Roseobusefa is mainly responsible. 

It is very difficult to present Rosenbusch’s system in a 
tabular form, for his definitions depend ianfdy on texture 
and on field-associations and are consequently much more 
Hubjcclivc than those of Zirkcl. On page 4: Roseii- 
busch^s twenty-four famflics of plutonic and volcanic 
rocks have been tabulated, and an attempt has been made 
to indicate the characteristic mineralc^ical composition of 
each. For the dyke-rocks a separate scheme is neces¬ 
sary. These roc^ were divided by Roseobusch into 

{a) a group of porphyries, the members of which have 
essentially the same composition as the plutonic 
fareUies; 

(b) a group of aplites and pegmatites, which are 
richer in light constitueots then the plutonic 
types; and 

(c) a group of lamprophyres, in which the dark con¬ 
stituents predominate over the light ones. 

Within groups (b) aod especially a host of unneces¬ 
sary varietal names was created. 

AUred Barker. In his Pefrology /or Siudenfs. 
which is the text-book best known to English students, 
Barker followed Roseobusch in a general way but re- 
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laiowt a «nsc of pcoportion which enabled him to dift- 
tingyish bei'v*e«i rocks of conlii>ent*buUdlne: imporuoce 
and others which are mere minerak^cal curiosities. The 
deep-seated rocks are divided into sis groups, as 
follows- 

(2) Granites. 

(а) Syenites and mooaonites. 

{3) Nephdio^syeohes (lodudjng ijolltes, iheralUes 
and other rare feldspaihoidal types). 

(4) Diorites. 

(5} Gabbros, norites and pyroxenites. 

(б) Peridodtes and serpent ines. 

The names have the same meaning as in Rosenbusch’.s 
system. Horker’s ireaiment of the dyke-rocks is simpler 
than tbat of Rosenbusch but follows similar linos. The 
volcanic rocks fitll also into six grcaips:— 

(1) Rhyolites. 

(2) Trachytes {roduding some that contain nei^etlnc 
or so<^ite). 

(3) PhonoUtes and leucitophyres. 

(4) Andeites (iocludiog dadtes or quartS'aodedtes]. 

(5) Basalts. 

(6) Letfcite, oepbeliite and melUite-beariog lavas. 
Marker used or mentioned Just over a hundred distinct 
rock names lo tbe 5th edition of his book. 

F. H. Hatch. Hatches TtxUBook 0/ Petrology has 
gone through many editions dnee it was first published 
in i$9i. ]n 1926, A. E. Wells appeared as Joint author. 
In classifying rocks according to the percentage of silica 
tbat they coatain, Hatch uses a coethod that was first 
proposed by KJerulf in 1S57. The arbitral lly choser> 
limits of 66 per cent, and 52 per cent, of silica are used to 
separate an acid group of rocks &om an inUrmtdiate 
group and a bosttf group. Id addition, all rocks that hold 
little or no feldspar are termed ulfm-bonc without regard 
to their content of siHca, although this may actually be as 
great as sixty per cent. Rocks arc further subdivided 
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into t))re« series characterizod by the kind of feldspar 
present; ao alkali series characterized by predominant 
ajkali-feldspar or feldspothoid; a monsonUe series in 
which more than a third but less than ^vo•thirds of the 
feldspar Is pla^iodase; and a ctiic-aikail series in which 
plag'iodase is the predominating feldspar. The alkali 
series is further subdivided according to the presence or 
absence of feldspathoids. In his treatment of dyke-rocks 
Hatch follows Rosenbuscb, keeping the silica percentage 
in the background and even abandoning it at times. 

Owing perhaps to the use of the numbers 66 and 52, 
Hatch’s system gives an appearance of precision which 
is deceptive. The boundaries between acid, intennediate 
and basie rocks can only be precise if actual deiermina* 
lions of silica are made. This is a tedious and delicate 
piece of chemical analysis, and there is always a tempta¬ 
tion to shirk it and to guess the silica-percentage from 
(he quantity of quartz and feldspar seen in the rock. But 
then no claim to precision can be made. In any case, 
what significance can be attached to the numbers 66 and 
$2? They have no meaning in terms of minerals, for 
quartz may be present in a basic rock and nearly absent 
from ao acid one. An enstatltc rock, by definition 
“ ultra-basic, ” actually holds more sUica than many 
syenites. The silica factor is not even used consistently 
in the system, for it is abandoned in dealing with 
peridotites, perknites and lamprophyres. 

A hundred and twenty distinct rock names are used 
in the text of Hatch's b^k (1926 edition). 

J. P. Iddings. The qualitative mineraJoglcal 
classification used by Iddings in his Igneow Rocks (vol. 
i, 1909; vol. 2, 19:3) may be described as a last attempt, 
made by one who bad already lost faith in qualitative 
petrography, to strengthen the Zlrkel-Rosenbusch frame¬ 
work and to force all the new rock names into definite 
pigeoA-hcles. In bis treatment Iddings showed more 
leaning towards Zirkel's method, which makes the 
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mioeraJog^cal composiciMi of a n>ck die esseotial factor 
in Us classification, than tovards that of Rosenbusch, 
with its emphasis on textural diffcresccs. Iddio^ re¬ 
jected Rosenbusch’s division of dyke-rocks and followed 
Zirkel in recognising only granular (pbanerocrystaJlinc) 
and dense (apbanitic) rocks; at the same time he intro¬ 
duced a new factor by separating rocks with small 
amounts of ferro-cnagoe^aa minerals from those with 
large amounts of such minerals. This is a sound move, 
but the two divisions are only defined by the use of lltosc 
vaguest of adverbs^ little and much. 

Iddings began by erecting five dasses which were 
based on the dominance of (1) quarlx, (11) quarts and 
fclctspar, (III) feldspar, (IV) IcWspar and felrispaihoid, 
(V) feldipnthoid. These classes were (hen sul>divid<!d 
according to the character oC the feldspar, giving four 
groups which were defined as follows 
A, aikali-feldspar makes up more than fivo-cigh(hs of 
total feldspar; 

R, alkali-feldspar between five-eighths and three-^ghths 
of total feldspar; 

C, alkali-feldspar l^s than three*agbths of total feldspar; 

D, rock composed almost entirely of dark minerals. 

Further subdivision is effected according to the pcesenoo 
of small or large amounts of ferromagnesian minerals, 
and again according to the ^aoerocrystalline or apbanitic 
texture. 

Iddings was one of the authors of the Norm system 
(to be described next) and in his book he used botli 
systems ^de by dde, supplementing the mineral^cal 
descriptions of rocks by chemknl analyses and the norms 
calculated from them. By thus insisting on the import¬ 
ance and demonstrating the value of accurate rock 
analyses^ Iddings performed a lasting service to 
petrology; but even by using two clas^fications at once 
he could not cure the ^sease that affikts the science. In 
his two volumes he used over eyo distinct rock names of 
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the older type, m additioo to a great number of new 
names peculiar to the Norm system. 

WhitmdD Cross, J. P. Iddinga, L. V. Pirsson and 
H. S. Washington. Dissatlslted with the ambigiiides 
of qualitadve petrography, these four distioguished 
American workers set themselves the task of iotroducicg 
methods oi precision into the science. Ther proposals 
were embodied in a volume called The Quantitative 
Classification of Zgneour Rocks whkb appeared io 1903; 
and were repeated (with some small changes vbi^ 
experience had shown to be necessary) In Iddings* 
igneous i^oci^r. For the purpose of this classification a 
complete chemical analysis is required in every case. 
The actual mioeraloglcal composition or mode of the 
rock is set aside in favour of a possible ccmpositlon called 
the “ norm,” which is obtained by calculation from the 
analytical data. The steps In the calculation are too 
many to be given here^ but the result is to express the 
composition of the rock In terms of the fdlowing simple 
mineral molecules 

Sflicsour-oluminour (salie) Ferro^magnesian (ftmic) 


minerals. 

minerals. 

Quartz 

Acmite 

Orthodase 

Diopside 

Albite 

WoUastonlte 

Anorthite 

Hypersthene 

Leucite 

Olivine 

Nepheline 

Akennanite 

KaliophiUte 

Magnetite 

/Zircon 

Hematite 

Corundum 

Ilmenite 

Sodium chloride 

Sphene 

Sodium sulphate 

Apatite, etc. 


The norm of a rock is hardly ever identical with its 
mode, for it will be seen Chat complex minerals such as 
augite, hornblende and biotite, which are of very common 
occurrence in rocks, are replaced in the norm by simpler 
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mo)ecul«£ like diopside, «cUa$toiiite and hypersthene. 
For most rockSj however, Cbe nonn reproduces fairly 
closely the main characters of the mode. Since it 1 $ 
clear that none of the existing aloeralogical names could 
be fitted to this system, a complete new set of names 
was supplied by the authors of the system. 

The norm classificatitti has had to face the criticism 
that it is a classification of analyses, not a classification 
of rocks. It U true that as regards Imlocrystalline rucks 
it is a very imperfect classification, Ignoring pronnnent 
characters and emphasizing some that ure trivial or 
obscure; but it has the advantage over all other systems 
that cryptO'OystaLline and glassy rocks can be classified 
just as easily as coarse-grained ones, and furthermore 
that glassy rocks fall into the same divisions as their 
cryst^line equivalents. 

Nobody now uses the Norm classification by Itself, 
but most pecrogTtphers make a practice of calculating 
the norm of any rock that they analyse and giving the 
normative name or symb^ in addition to the 
mlDeraJogical name of tbe rock. With this Information 
one can turn to H. S. Washington's great volume of 
Chtmteai Atviyses 0/ /gnsovs Aochs and quickly trace 
other rocks of similar chemical character to the one under 
examination. This work—a rich mine of information on 
the chemistry of igneous rocks^s perhaps the greatest 
boon conferred on petrol^ists by the Norm system of 
dasslficatioa. 

Paul Niggli This system was introduced in 
GtsUiru‘ und Afinenxlproeiftsen (1923) and extended In 
1936 ( 5 ch«e»sruclis Min^al^gischs vnd Petrogrtifh^ 
iseht MitUUungtn, vol. x6, p. 335}. Niggli sought, as 
A. Osana had done twenty years earlier, (o impart pre- 
cision to the Rosenbusefa dasslficatioa by means of 
chemical analy«s. 

Having secured a complete chemical analysis of the 
rock under conslderadoo, one b^os by converting the 
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percentages of tlie various oxides ioto molecular propor* 
tioos, which are multiplied by i ,000 to get rid of decimal 
points. Then, the Fe^O, having been doubled and added 
Oft to FeO, the molecular numbers of [Al, 0 , + Cr> 0 , + 
CejO,], [FeO + Mn 0 .fMgO], [CaO + BaO-f SrO] and 
[Na20 +K,0-h LijO] are recalculated to too and indt' 
cated by the symbols (il. fm, c, and oih respectively. The 
molecular numbers of SiO^ and the rcn>alning oxides are 
reduced In the same proportion as AJ^O^ to nl. The 
symbol k stands for the proportion of KjO io olfc, and 
mg for that of MgO in fm. Finally, the value ga is got 
by subtracting from n tl^e quantity of silica necessary to 
convert all tlte aiit Into feldspars, the c into anorthite and 
woUastonitc, and the fm into metasilicates of tbo metals 
concerned. If qs is strongly positive it Indicates the pre¬ 
sence of quarts in the ro^; if strongly negative, olivine 
or a feldspatboid Is indicated; but a small gs value on 
either side of zero has no dehnite mineralogical ugni- 
ficance. 

By means of these factors, Niggit erected at first 12 
magma-groups(later Increased to 43) and 6j 
magma-types " (later increased to 183). Each magma- 
type Is defined by an average compositloe, chosen on the 
principle that certain abundant types must stand more 
or less in tbe centre of each field. We are not told what 
principle governed the selection of the rock which thus 
became the pattern of each magma-type. It cannot have 
been relative abuodance, because many rare rocks such 
as pieoaarite and rockalUte have given their names to 
magma-types. Two other rocks, ijollte and melteigite, 
are not only rare but they contain exactly the same 
minerals and occur under identical geological conditions, 
yet each of them has become the pattern of a separate 
magma-lypc- The very term “ magma-type " is unfor¬ 
tunate since tbe rocks just named probably did not exist 
as magmas at all, but acquired their peculiar characters 
by reacting with llmestooe during the process of coa- 
solidatioo. 
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Sioce Ni^U system detnsnds a compete roek 
analysis, ooe tends tn compare tt with the norm system. 
To do this, it Is only oece&sary to take any rock anaJy&is 
and compute both die norm and die Nif^i symbol. An 
olivine-basaJt from East Africa has the following norm: — 


orthoclase 

10.01 

diop^de 

7.58 

alblte 

ad.Sa 

oliWfie 

8.08 

anorthiCe 

27.53 

magnetite 

4.41 

nepbeline 

3.69 

ilmenite 

456 



apatite 

3 '»S 


The NiggH symbol computed from the same analysts is 
si ol jm c alk k mg 
119 33 H *3 -36 

Which set of data is more ioformaUvc? 

Professor K>gg:li is also the author of a quantitative 
mineralogical classificatioo of rocks, based upon an earlier 
one by A. Johannsen wbkb we shall take up oeet. 

A. Johannsen. A qualitative mineralogical dassU 
ficadoo fails to satisfy some; a quantitadve chemical 
classification does violence to the ideas of others. In 
Jobanosen's Quantitative Uinaralogieal Classificatian of 
Igneous Rocks (i^iy-i^s), classes, orders, families and 
subfamilies are established on purely arithmetical Hoes, 
DO the basis of the minerals actually present in the rock. 
The clorr is determined by the proportion of lig’bt'Col' 
cured minerals (quarts, feldspar, feldspathoids, pale 
mica, corundum) m the rock, the boundary lines being 
set at 95, 50 and 5 per cent. The order, in the first 
three classes, depends upon the pr^>onion of anorthlte 
in the plagiodase, the boundaries being set again at 5^ 
50 and 95 per cent. In class four the order is deter¬ 
mined by the pr^>ortioB of iron ores (magnetite, ilmenite, 
pyrite, chromite, etc.) with the same limits as before. 
The /omify, In the first three classes, depends on the ratio 
of quarta to feldspar or feldspar to feldspacbold, giving 32 
families in each order; in class fbur there are 13 families 
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in each order, based on the relations between olivine, 
pyroxene, amphlbole and btotite. 

Plutonic rocks, dyke rocks and lavas aJl fall In the 
same compartments. In the case of glassy rocks the 
composition must be deduced from the results of 
chemical analysis, but no rules ate laid down for the 
calculation, although die result must depend on the 
method followed. 

With 4 classes, 16 orders, and no less than 364 
families, a larfre number of new names must be called 
for. because Johnnnsen says that “ there are un* 
doubtedly maoy rocks In roost of the families,” Some 
new names have been constructed by combining familiar 
names and adding prefixes, but it seems doubtful whether 
names like leuco-caldclase'syeeogabbro and melanionzo* 
tonalilc convey a very definite meaning to anybody or 
help to clarify thought. And are the really dgnifioant 
differences between one rock and another so numerous 
as to justify 364 families? 

S. J. Shand. The present writer has tried since 
1913 to indicate certain simple lines along which the 
mineralogical method of classifying rocks may be 
strengthened so as to give at once precision and chemical 
signiiicaQce to the various groups. The complete scheme 
appeared in Eruptivs Rocks [1^27)- It is based primarily 
on the recognition of certain chemical incompatibilities 
among the rock^forming minerals. Most of these were 
recognised by Zirkel and used to define the main groups 
of his system, but in the hands of ZirkeVa successors 
these natural dividing lines have been increasingly 
ignored until at the present day they sire transgressed 
without a thought by most petrographers. 

All rock-forming minersJs may be classed as stable 
or unstable in the presence of free silica within the ordi¬ 
nary range of magmatic temperature. The former may 
be said to be saturated, the latter unsaiurated with silica. 
The principal minerals of each type are named below. 

Saturated. All feldspars, pyroxenes, amphiboles and 

micas; tourmaline, fayalite (iron olivine)^ almandine 
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and spe&sarti(e garoeU, spheoe, topaz, roagiietite, 
ilmeaico, apatite^ zircoe. 

UnsalMfat^. L^odta, naphaUna, the sodaUte group, 
cancrioite, analdme, coratDon olrrine^ melillte, 
laelaoile and pyi'ope garneu, perorskite, corundum, 
calcite. 

This groupinj? of tbe rock-foRoing minerals Jeads natur. 
ally to the following classificatioo of eruptive rocks 
Class I. Oversat«rat$d rocks, containing free silica in 
the form of quartz^ tridymlte or silica-glass, to¬ 
gether with any of the saturated rninemls. 

Class TI. 5 oturated rocks, properly containing neither 
free silica nor any unsaturated mineral. 

Class ITI. Undersaturated rocks, consisting partly or 
wholly of unsaturated minerals, without free silica. 
This class may be subdivided into 

(a) a non-feMspatboida] division; 

(b) a feldspatboidal division. 

In this classification the four major divisions arc 
separated by natural boundary Hoes which have a definite 
meaning in terms of the chemistry of the magma, aod 
in each group certain minerals are possible constituents 
and certain others are totally exduded. 

The relation between alumina and soda, potash, and 
lime aifords another tignificant ba^ for classification. 
This relation expresses itself chieflv in the nature of the 
dark minerals, and gives rise to four types or facies of 
rocks. 

(I) Peraluminous ^pe. Id thes e rocks the molecular 

proportion of alumioa exceeds the molecular pro> 
portions of soda, pota^ and lime combined. The 
excess of alumiaa goes into musco^te, biotite, cor¬ 
undum, tourmaJiae, topaz, or an aJumloous garnet 
(almaodine or spessaitite). 

(II) Metaluminous type. The proportion of alumina ex¬ 

ceeds that of soda and pedash combined, but is 
generally less than that of soda, potash, and lime 
comUn^. Nevertheless, some of the alumina 
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enters the dark minerals, forming* either a moder¬ 
ately aluminous mineral such as hornblende, epi- 
dote, or melilite, or else an association of an 
aluminous with a non-aiumlnous mineral, such as 
pyroxene and biotlte or olivine and hornblende. 

(III) ty^e. There is little or no excess of 
alumina over tbat required to form feldspars and 
feldspathoids. The dark silicates arc olivine and 
ortho-pyroxenc, which are strictly non-alum) nous, 
and diop»dc and nuglte, In which a small propor¬ 
tion of silicon atoms may be replaced by aluminium 
atoms. 

(IV) Perolhoixna type. The molecular proportion of 

alumina is less than that of soda and potash com¬ 
bined. The characteristic dark minerals are. the 
soda-pyroxenes and soda-amphiboles, eudialyte, 
and other soda-rich species. 

This method of dasslhcation brln^ all the dark 
dllcates into four la^ ^oups, within each of which the 
characteristic minerals have more In common, as reg'ards 
both chemical composition and conditions of formation, 
than they have with the minerals of any other g'roup. 
Thus the peraluminous minerals as a whole are char¬ 
acteristic of big'hly siliceous plutonic rocks and peg¬ 
matites formed at very low temperature; the -metalumin- 
ous group contains minerals that are formed at relatively 
low temperature, in presence of water; the minerals of 
the subaluminous group can all be formed by dry fusion 
(high temperature minerals); and peralkaline minerals 
are characteristic of highly sodic rocks. 

So far the method of classification has been a chemical 
one, but the divisions have not been established upon 
arithreetical lines, as in other chemical systems. They 
depend instead upon the excess or deficiency of one com¬ 
ponent as regards another, for it is this, and not the abso¬ 
lute number of molecules, that determines what mineral 
phases shall appear In the system. Conaequwtly every 
group set up by the application of these principles has a 
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real cbemlcal ^^ificaoce in a seAde that Is true of no 
other ; afM^ siocc ID each ^roup certain 
mineraJs are possible tod certaio others impossible, the 
system has also a defiolte tnineralogical slfruhcance to a 
hij'her degree than any other classification. And these 
results are secured without the use of any appliance but 
the microscope. 

The next factor in the writer's classification is a 
textural one» expressive of tbe physical conditions under 
which erystallbatioo to< 4 c place. Only two divisions are 
recognised, one of well-aystalliaed (eucrystallinc) rocks 
and one of relatively or actually ill^rystallised (dyscrystaU 
line) rocks. ^lese correspond to the two divisions of 
Zirkel and Iddlngs. Tbe line of separation cannot be 
drawn very sharply, but it is conveniently placed at the 
limit of unaided vision. A rock in which the principal 
mmeraU cannot be seen as s^wirate grains by the unaided 
eye is dyscrystalline. A por|*yritic rock must be judged 
by its gTOuodmass. 

The remaining factors in tbe classification have only 
an anthmeticai basis- There as first the proportion of 
light to heavy minerals, that is, those with density less 
or greater tban s.8. Ujgbt minerals (which arc light In 
colour as well as in weight) are qnam, iridymitc, feld¬ 
spars, feldspathoids and caJdte. All other rock-fbrraing 
minerals are denser than a.8, and most of them are dark 
in colour. The ratio of light to heavy minerals is there¬ 
fore almost tbe same thing as the ratio of light to dark 
minerals, and it may be called the colour ratio or colour 
index. Umits are placed at 30, 6o and 90 per cent, by 
volume of heavy minerals, and tbe corresponding rocks 
are described as leucocratic, meso^, melanocratic and 
hypermelanic req>ectsvdy. 

Lastly, some means bad to be found of expressing the 
composItioR of the feldspar in rocks. Not only does 
feldspar make up some sixty per cent, of eruptive rocks 
as a whole, but rock names have been defined in terms of 
feldspar for nearly a huodred years. If one gives up this 
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practice, then all e:<istin^ rock names must be abandoned. 
It seems better to recognize the custom and to take steps 
to regulate it than to make a radical change which is not 
unconditionally necessary. The metlwd adopted by the 
writer is quantitative and depends on the ratio of ortho- 
clase to albite and anorthite. These names stand here 
ftT the pure substances KAJSi^O NaAlSi, 0 , and 
CaA),SI, 0 , which are components of all ordinary feldspar. 
Pour divisions are established in the following way :_ 

' { [>i 

An>Or { 

In favourable oases the necessary observation of the 
character of the feldspar can be made under the micro¬ 
scope, by methods that are familiar to all students of 
rocks, in less favourable cases It may be necessary to 
make an actual determination of soda and potash, either 
In the feldspar itself or in the groundmass of the rock. 
The sysiem proceeds on the assumption that what a 
petrographer cannot Uam Jy one method he wiU take 
eieps to find out hy Ike other. In the case of a rock 
that is largely or wholly glassy, the composition may be 
deduced fairly well from the density and the refractive 
index of the glass ; but if these methods do not yield the 
desired information then the rock must be analyzed, 
either partly or completely, and Its mjneralogicaJ charac¬ 
ter deduced by calculation, following the methods so 
carefully devised by the authors of the Norm classifica¬ 
tion. 

Only rock names have been used in the con- 

structioD of the writer’s system, although it is considered 
that others may be required in time. The names are not 
new, but have been chosen from those that are most 
widdy used at the present time. They have been red^ 
fined to fit the limits imposed by the system, but in every 
case the new definition includes the kernel of the old one. 
Where no suitable name Is In existence, none has been 
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proposed, but somctifnes ft distiftctirc prefix or suffix has 
been added to ooe of the <M uftmes. The names cm be 
chanired et a“y dme without affecting: the system, for it 
is an essentjftl feature of this proposal that the names 
are subordinate to the system, not the system to the 

names. . 

In view of the general opposition to new names, the 
writer offers a set of easily understood symbols which 
may be added to familiar rock names in order to give 
them more «gnl6cance. 

X, eucrystalline; D, dyscrystalline. 

0 , oversaturated {small o if excess silica not more 
than to per cent.). 

S, saturated; U, uodereaturated, fcldspatboidal; V, 
ufidcrsaturated, noo-feldspathoidal; W, combines 
U and V. 

p, peraJuminous; m, metaluromous; s, subaiuminous; 
k, peralkahne. 

«. Or>An, Or>Ab; y, An>Of, Ab>An. 

a, Or>An, Ab>Or; An>Or, An>Ab. * 

L, leucocratic; M', mesotype; M", melanocratic; H, 
hypermelank- (Instead of these, the value of the 
colour index may be given.) 

Thus the symbol XomaL means that the rode is eucrys* 
tallinc, slightly oversaturated, mewluminous, leucocratic, 
and contains a polassic feldspar- This is a condse sum¬ 
mary of the cbaracUfs of tbe Plaoea syenite, and it is 
much more informative than the specific name “ plaucn- 
ite " which some petrograpbera have used. 

A. Lacroix. The system of clasdficatlon followed by 
this eminent French savant was explained in a Fiifletin 
iu servics ff4ologiqu4 de I'fndooWns, vol. so, part 3, 
*933 • There are actually two systems, one for holo- 
crystaUine rodcs that have not been chemically analysed, 
and another for sU rocks wWch have been analysed. The 
necessity for analyang all ciyptocrystalUnc and glassy 
rocks is implied. 
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(a) For rocks t^uit hmje not 2>e«n anolyBed, Lacroix 
establishes seven categories which, for the greater part, 
ate based on nothing more than the old familiar ratios of 
quartz to feldspar; feldspar to feldspathcid; potassic to 
sodic feldspar; sodic plagioclase to caldc pjagioclasc; 
ocpbeline to leucite; dark to light minerals; and degree 
of* crystallization. 

(b) For roefes ihat have been chttnicaUy anayeed. 
In'this case Lacroix usca a set of symbols (parameter) 
based on the arithmeiioal ratios of cwtain nomative 
minerals and oxides, thus:— 

p is the colour index, with limits at 7/1, 5/3, s/S* */ 7 ' 
q is the ratio of quartz to feldspar or feldspar to 
feldspatboid. 

r is the ratio of salic aJkalie to saUc lime, 
s is the ratio of salic KjO to salic NajO. 

ia the ratio of pyroxene plus olivine to iron ore. 
k is the ratio of pyroxene to olivine. 

I is the ratio of MgO plus FeO to femic CaO. 
m is the ratio of MgO to FeO. 

Theso are the same ratios that are used in the subdivi¬ 
sions of the Norm system, and domparisoa with that sys¬ 
tem Is naturally invited. 

Summary. In this chapter we have described ten 
more or less distinct methods of classifying eruptive 
rocks. These methods may themselves be classified as 
follows:— 

1 Qualitative methods. 

(al Based essentially on mincralogical composition— 
Zirkel. 

fbl Based largely on texture and geological assooa- 
' tion in addition to mincralogical composition— 
Bosenbuseb; Harkcr. . 

II, Partly quantitative systems based on mineralogy and 
texture—Iddings; Hatch. 

HI. Quantitative mineralogical system formed on a 
purely arithmetical batis— Johannsen. 
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IV. Qu&ntitadve mineralogical system iouoded oo rela¬ 
tive excess or deSdescy of priodpai molecules, 
only the subdivisioos bein^ arithmetical—Shand. 

V. Quantitative cbemica] system, inodificd by other 
coosideratioo^^NifflL 

VI. Quantitative chemica] systems independent of 
other considerations — the Norm system; 

Lacroix. 
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CHAPTER V. 


ERUPTIVE ROCKS: THE OVER¬ 
SATURATED CLASS. 

Uy oversaturated rocks we mean those that have an 
excess of silica wliich crystaJlises out either as quarts or 
rarely as Iridymice. Most recks that lK>ld muc^ quarts 
have also a ^od deal of feldspar, and from the earliest 
days of geolog'y such rocks, when coarse in grain, have 
beeo called granite. Finegrained dyke-rocks and lavas 
of similar composition to granite have been variously 
named quartz-porphyry, rhyolite, liparite; and the vitreous 
ones obsidian and pitchstone, 

After the iotroduction of the microscope into 
petrology (about 1858 to idyo) it was recognized that 
both orthoclase and plagioclase feldspars occur in granite, 
sometimes one aod sometimes the other predominatiog. 
Zirkel debced granite as a rock in which alkali-feldspar, 
quartz and a tricltolc lime-soda feldspar always take 
part; adding tJiac as regards size and number of ludi- 
viduals plagioclase Is as a rule much behind orthoclase. 
For rocks In which plagioclase predominates Zirkel used 
the name quartz-diorlte, making them a subdivision of 
his fourth class (see the table on page 39). Among the 
quartz.dioritea Zirkel mentions a hornblend^rlch quartz- 
mica diorite from the Tonale massif in the Alps, and tells 
us that G. vom Rath has given this rock the specific 
name of tonaJlte. [Zirkel adds the interesting note that 
Catbreln prefers to regard tfais rock as a pJagioclase-rich 
hombleod^biotite granite and has rechrlsten^ It adamel¬ 
lite. This Is an early illustration of how confusion Is 
caused by failure to define rock names precisely, and bow 
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petroiogists have tried to escape from it by coming new 
names, and how they have made matters worse Instead of 
better. 1 

Rosenbusch defined the granites as plutonic rocks 
cbaracterised by the combioatioo of quartz and alkalU 
feldspar, that plagwdase js present in by far the 

most cas«. He went oo to subdivide the granites into 
(a) alkali 4 ime granite and (b) alkaJi'granites, but the 
criteria given for disdnguishing these from each other 
are most vague. In spite of th^ names, the groups arc 
not based on cbemicaJ characters,. for Rosenbusch says 
that “ if one were to call every alkali-ricb granite which 
is poor in lime and magnesia an aUcali-granite, one would 
separate what nature bas put together and offend against 
the spirit of ge^ogy.*’ He us that an alkaJI'granitc 
is only to be rect^nized by its peculiar suite of dyke 
rocks, or by its associatxm in the held with foyaiies and 
other more distinctly alkaline types. Such a typically 
Roseobuscblao pronouncemeot is rather disconcerung to 
the student of the meamags of rock names. The quartz- 
plagiodase rocks are considered by Rosenbusch, as by 
Zirkel, to be a subdrviskm of the diorites, and tonalitc 
and granodlorite are both described under this heading. 

J, P. Iddlngs, following otber American perrologisis 
who had attack^ the same problem, subdivide the over¬ 
saturated rocks in the foOowing way 

Alkallc granites are those in which more tbim seven* 
eights of the total feldspar is alkali-feldspar. 

Calcialkallc granites have alkali-feldspar making 
between seven-eighths and five-eighths of the total 
feldspar. 

Adamellites or quartz-monaoojtes have alkali-feldspar 
from five-eighths to a half of the total feldspar. 

Granodiorites have plagiodase from a half co five- 
eighths of the total feldspar. 

Quartz-diorites have pla^odase to the extent of more 
than five-eighths of the total feldspar. 
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The joint committee on British Petrographic Nomencla* 
ture appointed by the Geological Society of London and 
Che Mineralogical Sodety of Great Britain recommeoded 
in 1921 that the name granodiorite should be used for 
" rocks intermediate between quarts^diorite and granite, 
in which orthoclase, while present as a notable con¬ 
stituent, is always subordinate in amount to the 
plagioclase.*' 

Finally, F. H. Hatch (192$) uses adamellite in the 
sense 10 which Iddings used granodiorite, and graoo- 
diorite in the sense in which Iddings used quartz-diorite. 

It must be added that in spite of ad these attempts to 
rationalite the nomenclature of the oversaturated rocks, 
there are petrologists who continue up to the present day 
to give the name granite even to rocks in which all the 
feldspar is plagtoclase. 

To the present writer it seems that none of the above 
definitions is wholly satisfactory, since they are all ex¬ 
pressed in terras of alkali feldspar and plagioclase. 
Alkaii-feldspar may be either potash-rich or soda-rich, and 
plagioclase may be rich in soda or rich in lime; so the 
ratio of alkali-feldspar to plagioclase is meaningless, be¬ 
cause albite occurs as an unknown quantity both in the 
numerator and in the. denominator. If the feldspar is 
described in terms of orthoclase and anorthite then the 
definitions can be made clear and precise. The following 
scheme was proposed in 1927 :— 


OVBRSATURATBD RocKS. 


Composition of feldspar. 
{ [b| 


Potash-granite 

Soda-granite 

Soda-tonaJite 
Lime tonaiite 


DyscrystaSine. 

Potasb-rhyolite 

Soda-rhyolice 

Soda-dacite 

Lime-dacite 
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A$ regards tb« nature of the dark minoraJs, Zirkal 
made t&e following 5ub<^i»ons of the granitic rocks 

(1) BiotiCA^ranitt (vitb or without horQhlende}^ 

(2) Muscovite-granite, 

1 3) Tw>mica graoit^ 

4) Horobleade-gramte (with or without accessory 
biotite), 

(5) Hombleode-biotite granite, 

(Q Tourmaline'gramte. 

Roseobuscb gave a slightly dUTerent grouping, as 
^^llows 

(i) Granite io a restricted sense, or two-mica granite, 

S Gronitite or bioUte^ranit^ 

Hornblende-granite, 

(4} Diopside-granite, 

{5} Hyperstheoe-graoite, 

(6) Tourmaline-granjce, 

with further subdivisioos among the alkaJi-granites 
according to the presence of serine, acmite, riebeckite, 
arfvedsoDite, «t^ 

This method of treatment is aimless; it is an enumera¬ 
tion of varieties rather than a lcg><a] classilkaiion of 
them. It was shown In Chaf^ IV (page 50) rhal a more 
^oificant grouping of the dark siUcaies in rocks caa be 
effected by con^dering (he relation between the molecules 
of alumina and those of soda, potash and lime in these 
minerals. Four types were then? set up, which were 
described as pcraluminous, metaJuminous, subaluminous 
and peralkaline. We sball make use of these terms when 
we come to discuss (be prrndpal varieties of the over¬ 
saturated rocks. 

Gbolocical Occuprsnck. 

Granite, granodiorite and lonaJite occur typically in 
batholiths of fbe largest sac. Tbe surface area of the 
Vermilion batbollth in Minnsota is about three thousand 
square miles, and that of (be Boulder batholith in Moniana 
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about two thousand. The largest bathoUth in the Appa* 
lachiao oiounuins measures three hundred and fifty miles 
by fifty, and simDar figures are given for the Coast Range 
batholiths of Alaska and British Columbia. The granite 
mass of the Wicklow hills in Ireland^ with an area of 
only six hundred square miles, is quite a minor affair. . 

It is only in a loose sense that we can say that these 
great intrusions are composed of granite, for actually 
many varieties of rock arc present, from true granite to 
granodiorite and tonal Ue and often to diorlte and gabbro 
as weJI. Very often the core of the mass is normal 
granite, with less siliceous and more calcic types sur¬ 
rounding it. A graphic picture of the variation in the 
Vermilion batholith, by P, F, Grout, is reproduced on 
the next page. 

The margin of a granite batholith is sometimes quite 
sharp, so that one can almost lay a knife-blade along the 
contact between granite and country-rock; but in otber 
cases the intrusive mass is bounded by an exceedingly Ill- 
defined zone of mixed rocks. In crossing such a zone 
one may pass from a pale granite to a darker granite 
that holds streaks and bands of half-incorporated sedi¬ 
ment ; from this to a belt where the rock is crowded with 
iarger and smaller enclosures of the country rocks; then 
to a belt where the bi^ly altered country rocks are c^t 
up by a network of granite and pegmatite veins, which 
die out as one goes further and further away from the 
granite. The streaky or banded rocks which result from 
such intermingling are known in general as gneiss, and 
various degrees of contamination of the granitic magma 
may be expressed by the use of terms such as gneissose 
granite and granite^ebs for those parts In which 
granitic material predominates, and injection^nelss or 
migmatite for those in which foreign matter plays a laig’e 
part. Many of the oldest and largest granitic intni»ons 
in all parts of the world have ^lis gneissic character in 
part. The Idaho batholith covers some 16,000 square 
miles, but the greater part of it is injection-gneiss and . 
migmatite. 
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It is Still aft open question whether graoitjc magma 
can diisolve more than a trifling quantity of foreign 
rock, but it is certain that a considerable quantity 
of fomgn sedimentary material can be incorporated and 
recrystallized in graoitlc magma. Wherever granite is 
seen to have a streaky character, with alternating lighter 
and darker folia or bands, then incotporation of foreign 
rock is to be suspected, and unusual minerals such as 
cordlerite, sillimanite and garnet may be looked for. 

It may be thought that as granite, gtanodiorile and 
tonalite are quite the most abundant of plutonie rocks, 
so lavas of similar composition must predominate among 
the effusive rooks, It is not so. Rhyolite and dacite are 
common lavas, but not so common as basalt and oIivine« 
basalt. Prof. R. A. Daly has shown that of the total 
area occupied by piulonic rocks in the United States of 
America, granite and other oversaturaled rocks make up 
about ninety per cent .; whereas of the areas occupied by 
effusive rocks, add lavas only account for some twenty- 
three per cent. There are no great fields of purely add 
lavas to compare with the basalt plateau of the Deccan^ 
or the Columbia River basalts. In the rhyolite fields of 
Hungary and Iceland, and in the volcanic region west of 
Great Salt Lake, rhyolites and dacites have an enormous 
development, but they are associated with basalts and 
other lavas which may exceed the rhyolites in bulk. 

Minsraloov ano Tbxturb. 

The proportion of quartz in an average granite is 
between twenty and forty per cent. There is no upper 
limit, fo: very add granite may pas9 over into veins and 
bodies of pure quart*. The lower limit is naturally zero, 
but there are practical advantages about establishing an 
arbitrary boundary at ten per cent, of quartz or free silica. 
When quartz is present in very small quantity it is diffi¬ 
cult to realize, for it forms '^In films between tbe feld¬ 
spar crystals which may escape notice. Besides 
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many of the most famiJUr rocks which hare been caUed 
syenite and dioritc actuaUy carry five or ten per cent, of 
quarts. This is true of the Plaucn syenite, which has 
always been regarded as the example of its kind. 

We may therefore make a small sacrifice of logic 
for practical ends, and place the lower boundary of the 
erversaturaCed class at ten per cent, of quarts or excess 

silica. , 

In deep-seated rocks the quart* appears m glassy 
grains which are intersdOal to the larger feldspar crystals. 
It is always one of the last mineraU to crysuUisc, m 
such rocks, and owing Co the interference of the crystals 
with one another the quarts grains seldom show good 
crystal faces. A minority of the crystals, however, have 
the form of hexagonal tapyamids. These arc often en- 
closed in the outer gooes of the feldspar crystals, sliowmg 
that the crysiallisadoo of quart* began before that of 
feldspar was finished- In many coarse pegmatites or 
" giant granites,*’ and in the groundioass of some fine¬ 
grained dyke-graoites and lavas, quartz and feldspar arc 
closely intergrowo; forming what is called ** graphic 
granite/’ when it U coarse, and “ mkropegniatjte ” when 
it is on a minute scale. The quart* in these inter- 
growths is the low-temperature form (c-quarta), with 
strongly developed prism faces. The blpyramidal 
crystals represent the high-temperature variety {$• 
quartz). 

In many lavas, on the other hand, quarts is one of the 
first minerals to crysttflise. It is commonly scan in pro¬ 
minent little bipyramids a few millimetres in diameter, 
lying is a partly or w!i<^y glassy groundmaas. The 
crystals show signs of having been attacked and corroded 
by the magma after their f^ation, and in thin sectiM 
they present hexagonal to rounded outKnes, often with 
embayments of ^e glassy groundmass. In lavas, too, 
silica sometimes appears in the form of tridymite instead 
of quart*; this mineral is only stable above 870^, and It 
is never found in deep-seated rocks. The little hexagonal 
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pJates of tridymite are mostly seen io vapour cavities, 
which makes it rather likely that the mineral did oot 
crysealli2e directly from the liquid magma but was pro¬ 
duced by some reaction in which hot gasea look part. 
Prof. Lacroix thought that the tridymite jn the lavas of 
^ Mont Pelie had been formed by the action of super¬ 
heated steam upon ibe glassy base of the rock. If this 
IS so, then tridymite is a product of auto-metarnorphism. 

The feldspar of the oversaturated recks may be of any 
kind from an almost pure potassic orthoclase or micro* 
cline^ through soda-orthoclasc and microperthlte to albitc, 
oligoclase or andesloe. As the proportion of anortbiie in 
the feldspar increases, quartz becomes less and less abuo- 
dant, and when aoortbite distinctly exceeds aJbite in the 
plaglodase there ia seldom more than a trace of quarts 
left. The feldspar may vary widely in composition in 
different parts of a single intrusive body. The following 
figures, which relate to the “ granite’* of the Wicklow 
Hills in Ireland, were given by Prof. Sollas;_ 
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When two Icinds of feldspar are present in a rock the 
plagioclase baa generally crystallized before the ortho> 
clase, and microcline forms last of all. But this U not an 
absolute ruloj for in the Rapaklvi granites of Sweden and 
Finland crystals of aoda-orthoclase have mantles of oligo- 
clase round them; and in some porphyritic granites the 
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lai^ crystal* are ortbodase and the smaUer ooes io the 
groundmass are olig:oclaaa. , . ^ u 

According to the habit ajid arraiigcment of the feld¬ 
spar crysuls we distinguish three principal vaneues of 
texture in granitic rocks. , 

(i) The crystals are large but often uoci^ual m sisc, 
and are dosdy packed together without defcoiU orienta¬ 
tion. Owing to their mutual interference only a few of 
them are well shaped. This is granitic texture. 

(a) The felspar crystals are more tabular jo shape, 
with a large development of the second pinacoid, and 
they lie in roughly paralJd positlcm in the rock. Mica 
scales and hornblende prisms show a similar orientation. 
This is parallel texture. 

(3) Some of the felspars are Urge and well shaped and 
they are surrounded by a matrix of smaller felspars, 
quarts, etc. This is porphyritlc texture. The large 
crystals are called in German '* Einsprenglinge/' which 
we may translate roughly by the English word " insets." 
(TTie word “^enocryst" is a Greek barbarism and 
should be discouraged.) 

The texture of overaaturated lavas varies from micro- 
crysialline-porphyritic to CTyptocrystalline ^ that is, so 
minutely crystalline as to be almost beyond the power of 
the microscope to resolve—or it may be partly or wholly 
glassy. In the extreme case of obsidian there is hardly 
a trace of cryatallization, aod the entire rock consists of 
a black glass which becomes transparent and colourless in 
thin splinters. In very andent glassy rocks a process of 
recrystallixacioa often sets In, just as it does In badly 
annealed commercial glass. This may lead to the growth 
of isolated spherules which consist of radiating fibres of 
quarts and Mdspar (In commerdal glass such spherules 
are composed of eUtcate), or it may cause the 

glass to become cryptocryvtalliae throughout, with a 
stony appearance. In add lava-Aows glassy and stony 
bands of te n alternate, giving rise to a banded texture. 
In the Gonunonest type of ^berulite the fibres radiate 
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out from the «ntro, growth having started at this point ; 
but in other cases the spherulite is hollow, perhaps in 
consequence of contraction following the rapid growth of 
the fibres- When there has been great contraction the 
result is a system of thin, atony shells with open spaces 
between them. These have been called " liihophysse ” 
or stone-bubbles. Interesting studies of spherulites and 
llthophyssB were made byj. P. Iddings at Obsidian Cliff, 
in the Yellowstone National Park, and by Whitman Cross 
m Colorado. A coarser type of intergrowth of quartz 
and feldspar produces mlcropegmatlte. 

The heavy minerals of oversaturated rocks include all 
kinds of mica; common hornblende and the rarer soda- 
hornblendes (riebeckite, arfvedsonite, etc.); eostatite, 
diopside, soda-diopside and legirine; tourmaline and 
topaz; iron and manganese garnets (almandine and 
spessartite), occasionally rare titanosilicates and dreono- 
siJicatea such as astro^yllite and eudialyte; as well as 
srnaU quantities of zircon, xenotime, monazite, allanite, 
epidote, fayaJite, sphene. oiagnerite, apatite. 

The crystallization ol granite appears to have begun 
with the accessory minerals such as zircon, allanite and 
apatite, for minute crystals of these minerals are enclosed 
m biotite scales. On similar grounds the crystallization 
of biotite must have begun before that of feldspar, for the 
large feldspar crystals in granile often carry little scales 
of biotite right to the centre, Muscovite generally follows 
biotite, and sometimes surrounds and envelops the biotite 
platelets. The largest and best-sbaped of the feldspars 
were presumably the first to start their growth; they are 
always orlhocJase; and plaglodase, if present, forms 
smdler crystals. Perthitic jntergrowihs of orthoclase and 
albite or oligoclase are common. Quartz began to 
crystallize before the feldspars had finished thdr growth, 
and there may be a stage during which quartz and feld¬ 
spar crystallized topther as rnicropegmatiie; but the 
last of the quartz is interstitial to everything else. 
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Eucsvstallekb DlTOtON. 

{GraniU, gran^dioriU and lonaiite.) 

Granite, loosely defined, is a coarse-graioed rock in 
which both* quarts and oithodase are prominent. Grano- 
diorite is a variety of granite io vhicb orthoclase and 
plagiociase are about equally abundant (such rocks are 
also called adamellite and quartz'tnonzonite), and tonaJite 
is a granitic rock in whkh the feldspar is mainly 
plagiodase. The more precise definitions of these names, 
which the present writer favours, were explained on 
59 : account which follows is not bound up 

intimately with any special definition. 

The commonest type of Granite is the peraJutmnims 
one, in which alumina is present in excess of the sum of 
the soda, potash and lime molecules. The excess goes 
typically into muscovite, but if enough magnesia or 
ferrous oxide is available then Uotite may partly or 
wholly take the place of muscovite. Other highly alumin* 
ous minerals that often appear in granites of this type 
are tourmaline and topaz; these are found especially in 
marginal fades of granite bosses aod in dykes and veins. 
Tourmaline Is a mineral of late fonaation, and the larger 
crystals are usually moulded oo grains of feldspar and 
quartz. Some tourmaline ia definitely formed at the ex^ 
pense of feldspar and Uotite. The growth of Httlc 
bunches of tourmaitoe needles on the surfaces of feldspar 
crystals can often be studied on jou 3 t>faces in granite; 
when this process goes further cIk greater part of the 
feldspar may be replaced by a mass of interlocking tour¬ 
maline needles. Such a ro^ is strictly metamorpbic, but 
the change was not brought about by any agent outside 
of the granite itself; it Is a case of auto^raetamorphlsm or 
sdf-r^lacement. Topaz is also a product of auco^ieta- 
morpbism; good crysc^s of topaz are sometimes found in 
drusy cavities in granite. Some granites carry little cxy> 
stals of an aluminous gan>et (almaodine or spessardtc), 
especially where contaminatioQ of the magma with sedJ- 
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mentary material has taken place* but fine almandines are 
occasionally found In pegmatites too. 

No better examples of peraluminous granite can be 
mentioned than those of CornwaJl. They are muscovite- 
biotite granites with subordinate tourmaline and topaa. 
The texture is typically porphyrltic, and the proportion 
of dark minerals ranges from five to twenty per cent. A 
careful examination of the granite of St AustelJ* by 
W, A. Richardson, has shown that the average composi¬ 
tion of the rock 1$ os follows 
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Within this single granite mass, which has an area of 
32 square miles, the chief constituents show ilte follow* 
ing fluctuations:— 

quarta, from ... 20 to 48 white micas, from oto 15 

ortbodase, from 17 to 5a tourmaline, from o to yj 

plagioclase, from 91031 topax, from ... oto 7 

dark micas, from oto 15 Colour index {4 to aaj 
In the metalvminous type of granite the following 
dark minerals are found: biotite together with horn¬ 
blende or diopside or both of these; hornblende with 
diopstde; or hornblende alone. Exceptionally epjdote or 
fayalltc may be found. The pyroxene has crystallized 
early and it is often mantled with brown or green born- 
blende. Biotite and hornblende are frequently inter, 
grown, and the larger bornblende crystals may enclose 
grains of quartz and feldspar. Sphene is a common 
accessory constituent. In general, plagioclase la more 
abundant in hornblendic granites than in micaceous ones; 
and with an increasing content of plagioclase the rock 
passes into granodiorite and tonalite. An excellent illus¬ 
tration of a body of homblende-granitc, grading into 
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granodiorite and having margioal {gcfes of sub-acid 
granite, syenite, diorrte, shonkiftite and bornbleodite is 
given by the Saganaga granite of MinnesoU and Ontario 
which has been described by F. F. Grout. Th 6 following 
table gives the composition of various facies of this rock 
mass. 
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The ^bofumitiow type of giaaite, ia which there is Uttlc 

deep-seated granites^ thou^ not uncommon in 
Th« characferislic heavy minerals are 
onho. and dm^pyroxenes. Tht hypersthene^ranite or 
charnockxte of St. Thomaa’ Mount, Madras, may 
sta^ « a represenmtive of the type, although some 
authorities consider cbe chamockiccs to be metamorphic 
It 18 a fine-grained rock in irfaicb (be feldspar is mainly 
microcline, with some oligodase (Ab^o,) and three or 
four per cent, of hypersthene in Jitik coiouriess grains 
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In ihe hyperstheoe^graAite of Blue Ridg«, V:rgiDja» 
hypcrsthcAe and augUc are intergrown. 

Ptrolkaline granites hold soda artd potash in mole* 
culat excess over alumina. Whenever this is ihe case, 
potash seems to exercise the stronger claim to combine 
with alumina and it la always soda that is left in excess. 
Under these circurDStances the excess of soda forms a 
soda-iron pyroxene (®gitine), a soda-iroo amphibolc 
(riebeckite, arfvedsonite), or else uncommon zircon©- 
silicates and titanosiheates such as eudlalyte and astro* 
phyllitc. All titesc soda-rich minerals crystallise late, and 
they tend to form spongy plates which are riddled with 
little enclosures of quartz and feldspar. A change from 
pyroxene-production to amphiboJe-production, similar to 
that which is observed In metaluminous rocks, leads to the 
earlier crystals of sglrine being transformed externally 
into arfvedsonitc or riebeckite. Typical examples of 
peralkallne granite are found at Quincy, Massachusetts, 
occupying an area of about twenty square miles. The 
chief variety is a light-coloured granite carrying quartz; 
a microclinc-albite microperthite; two varieties of soda* 
hornblende, one blue (riebeckite) and one brown (cate- 
phorite), which are often intergrown; green ®girine; and 
accessory astrophylliie, zircon, spheneand fluorspar. The 
arfvedsonite-*g>rin« granites of Norway; the rlebeckite- 
granites of Nigeria; and the ®girine-granite of Rockall 
are other well-known examples of this type- The peral- 
kaline granites rarely form bodies of large size, but the 
number of separate occurrences is not small, and the 
rocks have a peculiar interest on account of the relative 
abundance of rare-carths (ceria, zirconia, thoria, etc.) in 
their composition. The problem of the genesis of these 
rocka Is unsolved. 

The original Tonalite was the rock of Monte 
Adamello, south of the Ton ale Pass, in the It^ian Alps. 
The rock is coarse-grained and consists of white plagio- 
clase with much quartz, which Is mostly in the fonn of 
rather rounded bipytamids, and scales of brown biotJte 
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and prisms of borablende. Tba pia^ioclase has a 

well>cnarked zonal structure, the cores of the crystals 
beifig much rkber in SAOrthite than the mantles, and the 
avera^ coraposidoo is about Ab^Ao^^Or,. Some free 
orth^ase is present m graphic iatergrowlh with quartz, 
forming interstitial microp^maCite. Little brown gar¬ 
net^ which are not uncommon, probably indicate con¬ 
tamination of the magma with sedimentary maieriaL 
Accessory mlneraU are zircoo» spheoe, magnetite and 
apatite. 

As a whole the tonaliles are somewhat less acid than 
the granites, the content of quartz being in most cases 
^tween twenty and thirty percesL They are also richer 
in dark minerals, which conuaooly make up about twenty 
pet ceec. of the rock. Tooalites have been described in 
the Purcell Mts. of British Columbia which arry forty 
to fifty per cent of horobleode. The rock of the Marys¬ 
ville batholitb io Mootana is a more oonnal tcnalite 
b^^ing five per cent, of bombleDdc and seven of blotite! 
The feldspar which makes up more than mrty per cent, of 
this rock IS ooe part orthodase and three parts andesioe; 
Md quarB reaches twenty-two per cent. In the tonalltes of 
hJcctnc Peak, in the same state, both pyroxene and horn- 
Oieocc are present, but Iddings has obsBved that where 
the rock is coarsest in grain pyroxene disappears and the 
rock carries hornblende and biotite. 

Although most examples of (onalite are mctalumincus, 
the perolummous type is also r^resented in all the regions 
mentioned abova Mica^ooalites in the Caipathiao Mts- 
cariy from eighteen to twenty-five per cent of biotite, 
wi^ ^agioeJase from five to tee times as abuodant as 
orthod^ In aU other characters these rocks doselv 
resemble biotite-graaite- The snbalumincus type is rare 
among tonaUies, just as it is among granites. An 
example can be found in the “ charnockite series of 
Maitas. A rode described as a hypersthene-quartz 
diofite, from the Sbevaroy Hi% carries fifteen per cent 
of quartz, fifty-five per cent of andesioe (about Ab An ) 
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twenty-four per cent, of hyper Athene aod a Hrtle iton^sre. 


DvSCRYSTALLlUe DiVTSION, 

(Rhyoh'ta, rhyodacite and dacix^.') 

Most oversaturated lavas, and many of the dyke- 
rocks> arc very iU<rysialHzed, There are generally some 
insets of quartz and feldspar, which it is easy to identify, 
but the bulk of these rocks Is cryptocrystalline to glassy. 
Purely qualitative methods of petrography can do little 
to resolve such rocks as these. So far as mlneralogical 
names have been given to them, they have been based on 
examination of the insets alone. If the insets are of 
ortboclase, the rock is csiled rbyoHte; if they are plagio- 
clase, the rock may or it may not be named dacite. In 
either case the assumption is made that the glassy or 
cryptocrystalJine base of the rock, which possibly con¬ 
stitutes ninety per cent, of the whole, has the same 
composition as the insets. This assumption is quite 
unjustified and may be seriously wrorig. 

In the absence of suffident mineralogical data, names 
have often been given which merely express texture. 
Besides the purely glassy lavas which are called obsidian 
(and which may have any composition from graoitic to 
tonalitic or syenitic) we have pitchstone, vitrophyre, 
perlite, felsite, felsophyre, granophyre, pumice and other 
names. The difficulty of givdng any roineralcg'ical inter¬ 
pretation Co such names as these has led many petro- 
graphers to believe that no systematic classification of 
cryptocryatallifte and glassy rocks is possible without 
chemical analysis. It is a great merit of the Norm 
system of dassificadon that rocks of similar chemic^ 
composition fall into the same compartments of the classi¬ 
fication, whatever their texture may be. Nevertheless, it 
is quite possible to determine the miceralogical chararter 
of a glassy rock without analysing it, if the specaiic 
gravity and the refractive index of the glass are known. 



74 


THE STUDY OP ROCKS 


E. 5 . Larsen measured the refraction and the density 
of certain mineral glasses wiUi the following results:*^ 


Compoiition of 
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Diopside 


'«^3 
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This method has teen applied to natural rock-glasses by 
M. Stark, C. E. 'Hllcy, and W. O. Creorg^, who have 
shown that the refractive index of rhyolitic glasses lies 
between 1.48 and 1.51, and the specific gravity of the 
commoner types between 2.1 and 2.4, Tho peraJkaline 
type, which holds heavy soda-iron silicates, may be 2.5 
or even denser. With the additional information given 
by Game tests or microchemical tests, which show 
whether soda or potash predominates, it will be seen that 
most of the requirements of a mineralogical classification 
can be met without chemical analysis. It is useful to 
know that the great majority of glassy rocks, including 
probably all that occur in large dykes and flows, are over- 
saturated; about three-fiftbs of ^em being soda-rhyolkes 
(Ab>Or). one-fifth potash-rhyolites (Or>Ab), and one- 
fifth dacites (An>Or). 

Rhyolites. Many beautiful examples of mica- 
rhyolite and rhyodacite Jiavebeen described in Colorado. 
The rocks are typically porphyritlc, having insets of 
orthoclase and s^a-rich plagioclase, as well as a few 
.scales of biotite, in a cryptocrystalHoe groundmass of 
quartz and orthoclase. The proportion of biotite is 
always small; it is commonly two to five per cent., but 
often no more than a few minute scraps of biotite can be 
seen in a hand-specimen of the rock. An iron- or man- 
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g'anese'^cnet is occasionally present, and shrinkage 
cavities In some of the rocks are lined with minute 
crystals of topaz. In some instances trldyroite Is present 
instead of quartz. 

When a rock Is so III<rystallized that no dark 
roinerals have developed at all, it Is still possible to deter* 
mine the potential fnineraloglcal character by chemical 
analysis. An obsidian of the Yellowstone Park, analyzed 
by J. P. IddinRS, gave the following norm quartz 37, 
orlhoclase 2fj albite 33, anorthite 4, corundum s.a, with 
a trace of hypersthene and iron ore. tf this rock had 
crystsillieed, the normative corundum and hyperstbenc 
would probably have given about five per cent, of bJotite, 
so in spite of the total absence of crystals the rock may 
still be described as a peraluminoua soda-rhyoIite. 

A rock which Is partly crysiaUine and partly glassy Is 
more easily classified. A pitchstone from Flfeshire» Scot* 
land, which holds ooly five per cent, of feldspar insets and 
a few scales of iMOtite, was studied under the microscope 
to determine the character of the feldspar, and the glassy 
part was examined separately for refraction» density and 
flame-colorAtion. The Insets were judged to have the com* 
position Ab„Abj,; the refractive Ind^ of the glass was 
1.496, and its density a-sSj. This remarkably low 
density was found to be due to the presence of more than 
eight per cent, of water in the glass; making a correction 
for this, the density should be about a.44. Flame tests 
showed that the glass contains a laige excess of soda 
over potash, Indicating nearly four times as much albite 
as orthoclase. From these observations It is dear that 
the rook Is a soda-rbyolite, and the presence of a few 
insets of mica showed it to be a peraluminous variety. 

Examples of metafuminous rhyolites and rhyodacites 
have been well described in the San Francisco district of 
Arizona. The rocks are porpbyritic, with a cryptocrys* 
talJine base which makes up about three-quarters of the 
whole. The insets are of plagioclase, biotite, hornblende 
and sometimes diopside, with a few of quartz. Chemical 
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an&iysja shows ov«r twenty per cent. o£ excess sUlcs and 
fifteen to twenty of orthoclase, aJmost all of which is 
hidden in the glassy groundmass of the rock- 

A completely glassy obsidian from Iceland which was 
examined by F. E, Wright gave a norm in which corun¬ 
dum amounts to 0.6 per cent, and hypersthenc to 4.3 per 
cenL There is too little corundum to convert all the 
hyperslhcne into Kotile, so if the rock had erystallited it 
ia most likely that an aluminous liornblcnde^ or a mixture 
of hypersthene and biolite, would have been formed j that 
is, (he rock is potentially metaJuminous. 

Many examples of iufcoiumiflcuf rhyollle have been 
described in ftaly and the Llparl Islands. A lyplcal 
'* liparite," as described by H. S. Washington, is a very 
fine-grained, ash-grey'rock with small insets of pyroxene. 
The groundmass is microcryitallinc and is composed of 
minute laths cf orthoclaie^ prisms of pyroxene, grains of 
magnetite, and interstitial quarts. Completely glassy 
rhyolites from the same region, when analyzed, give 
norms in which diepiidc and hypersihene appear without 
any corundum; they are therefore referable to the 
subaluniinous type. Subalumlnous rhyolites are common 
in the Yellowstone Park region. They have insets of 
quarts, orthocisse, pltglodase and pale green augite or 
less commonly hypersthenc. The groundmass variea 
from almost structureless (0 spherulitle^ nryptocry.stalUne 
and microcrystalline. 

Theptfrolfcoffns type of rhyolite is beautifully developed 
In the island of Pantelleria, near Sicily, and the name 
“ pantellsrlte " is almost synonymous with peralkallne 
rhyolite. There are insets of soda-microdine, sod some¬ 
times little prisms of soda-hornblende or soda-dlopside, 
in a microcrystalUne to glassy groundmass composed of 
the same minerals with the addition of quarts- The pro¬ 
portions of these minerals in a typical instance were 
quartz 30, mIcrocUne 51, hornblende (senigmatite) a, 
soda-diopsider per cent- Completely ^assy rocks of this 
type are very dark in colour and denser than ordinary 
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obsidi&n; and io consequence of the deficiency of alumina, 
either acmite or sodium metasiUcete appears when the 
norm is calctdated. Prof. Daly has described such an 
obsidian from Ascension Island. 

Dacltt takes Its name from the province of Dad a or 
Transylvania, In tbe loop of the Carpathiaa Mts. In 
appearance Transylvanian dacites resemble rhyolites, 
their texture bein^ microcrystalline to glassy. Quarts 
may appear in welUshaped bipyramtdal crystals among 
the insets, or it may be confined to the groundmass or 
largely retained in the glassy base of the rocks. The 
most prominent insets are those of plagioclasej which can 
easily be confused vnth orthoclase (the variety sanidine) 
on account of iu glassy appearance and the frequent 
absence of polysynthetic twinning. The crystds are 
jonally built but have the average composition of 
andesine. Biotite, hornblende and pyroxene »re all pre- 
sent In the Transylvanian dacites but vary much in their 
relative proportions j and cordlerlte and red garnets have 
been observed in certdn oues. 

Dacites abound, together with rhyolites and rhyo- 
dacites, In the western states of America, especially in the 
Great Basin region of Nevada. Many of the rocks that 
have been called dadie, however, contain mort ortl^ 
clase than anorthiw; they are wbatin terms of our strict 
definition we should call 8oda»rhyolile. The dacite 
of Globe, Ariiona, has Or 23, Ab 33, An is; this rock 
and Che dacites of Tonopah, Bullfrog, and Silver Peak, 
Nevada, are soda-rtiyolites in our sense. Hornblende* 
dacite and hypersthene-dacite have been described at Mt. 
Shasta, California. The former ia a light grey rock with 
a few insets of hornblende. The microcrystaJline ground* 
mass consists of plagiocUee, hornblende, and a few gruns 
of hypersthene and magnetite, with a Uttk interstitial 
glass. In the second rock hypersthene is the only dark 

Dadtes occur largely in Central America, Colombia 

6 


THE STUDY OF ROCKS 


7 « 

and Ecuador i and dadte waa emitted during the eruption 
of Souffriire, St. Vioceoc. in 1903. Tbese lavas have in¬ 
sets of strongly roned plagioclase. augite and bypersthene 
in a groufldmassof feldspar»<)uart2| endymite, hypersthene 
and glass. Tbe plagioclase is a very calcic one, so it is 
not surprising to find that the proportiM of quartz is low, 
only ten to fi/teen per cent. 

The lavas of Saotorin are black, glassy rhyoJiUH 
and dacites which carry only a few insets of labradorite 
and augite. In the glass are many minute needles of 
albite-oligoclaae, a few tiny prisms of augite, and some 
grains of magnetite The proportion of free silica is ten 
to twenty per cent., and some of the lavas have a small 
excess of alumina which would probably have formed 
biotice if crystallizatioA had been complete. Many rockK 
have been described as mica*dacile, but the peril ominous 
type is rare, biotiu being accompanied in nearly all eases 
by hornblende or a pyroxene. 
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CHAPTER VI. 

ERUPTIVE ROCKS : THE SATURATED 
CLASS. 

The saluraicd rock* are Ihose that carry neilJjer free 
Kilica tier any uiiwturuted mineral *uch ns ncphellnc or 
oJivinc: Alcni^f wKh t)ic HUiolly saiuratctl rocks, Jiow- 
cver, wc ahall find l( advisable (for reasons sfiven on 
p. 83) 10 conalOer lljose that carry not more than ten per 
cunt, of free silica. 

In Zirkel’s cleasificailon, such wks were distributed 
lhrouj?li Classes II., IV. and VII. (see p. 39). Syenite 
was defined ua a rock with alkaJi-feldspar, without either 
quarts or feldspathoid. Zirkei reco^iMd, nevertheless, 
that quart* :s often present as an accessory or minor con- ' 
stltusnt of rocks that he and his contemporaries called 
syenite Feldspathoid* were nominally excluded from 
.syenite and trachyte but mi^bt be present in small 
umouitt. The name monzonite was applied Co syenltcc 
rocks from the Tyrol, in which plagiociase was present to 
a larfc ox lent. When plai'ioclaae predominated over 
orlhoclase the rock was f^aced in Class IV,, which was 
subdivided in the following way 

Composition. Gfanydar tyPo. Effusivt ty^s. 

Plaf ioclase -k hornble nde Diori te Andesite 

f, 4 ’augite Diabase 

„ 4‘diallag’e Cabbro ) Aug'ite-andesite 

„ +hy7ef*thene Norite / 

fn Kosenbusch^s system we 6nd saturated rocks in the 
family of syenitic rocks, the famUy of dlorltic rocks, the 
family of ^abbrolc rocks and the family of pyroxenltes 
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and p«r:dotites ($ee p. 41), as well as 10 the correspond¬ 
ing families of dyke-rodcs and lavas. As usual, Rosen- 
busch’s definitions allow much more latitude than 
2 irkel's< As regards the sjeojtes, for inslancei Rosen- 
busch not only accepted the presence of quite lai^e 
quantities of quarO, but evea appearaoce of small 
and also larger*' quantities of oephdtoe or sodalite did 
oot deter hun from calUng a rock syenite. Among the 
trachytes^ too, Roseobus^ erected a special group of 
phonoUtic trachytes In some of wb^h :«^aliie was on 
essential constituent. The syenites were divided into 
three groups, (a) lime-alkaJi syenites* (b) alkali-syeniies, 
(c) monsooites. The distinctior) of llm^alkoll syenite 
from alkali-syenite, like that of linio>alkali granite from 
alkali-granite* was made to depend rather on field asso¬ 
ciations than on any specific mineralcgical or chemical 
charseter. As regards the separation of dioKte from 
gabbro, Rosenbusdt introduced e new principle. Instead 
of basing the distinction on the presence of hornblende or 
pyroxene, be turned bis attention to the character of the 
feldspar. In the diorites, according to Roaenbusch, the 
feldspar is oligoclase. aodeaine or acid labradorite; in the 
gabbroic rocks it is labradorite, hytownite or anorthite. 
But Rosenbuseb was not consistent even In this, for he 
described oligodasites among the gabbros, nnd put the 
napoleooite " of Corsica amMig the dioritca although 
its feldspar is bytowniie. Pinally, the name diabase was 
withdrawn from deep-seated rocks end given to PaUcozoic 
lavas, although diabase was known Co be just as often 
incrwve as effusive. The meanisg of andesite was 
changed to correspond to the new definition of diorvte, 
aod basalt was ap^ted to all gabbroic lavas except those 
of Palaoaoic age. 

Marker followed Roseobusch in the use of all the 
above names, except that dolerite was used in preference 
to diabase aad was applied only to intrusive rocks which 
are less coarse-grained chan gabbro and carry augite in 
place of dialiage. 
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Iddingfft followed Rosenbusch m g;eneral, but tried to 
define the names more precisely In the following* way 

Syenite: more than five>ejghths of the feldspar is slkaJU 
feldspar. 

Monzonite: from five'Clghths to three*eighth$ of the 
feldspar is alkali-feldspar. 

Dionte: less than three-eighths of the feldspar is alkali- 
feldspar, and the dominant plngioclase is oligoclase 
or andeslne. 

f^nbbro: less than thVee-clghths o! the feldspar ia alkali- 
feldspar, nnrl tlie plagiocloae is Inhrodorire, by- 
tovvnlte or anorthlie. 

The names used for the corresponding effusive rocks are 
trachyte, latite, andesite and basalt respectively. 

Hai<^ and Wells use the names syenite, monzonite 
and diorite pretty much as Iddingt does, but n;dke the 
dividing railos two*thlrds and ono-thlrd; they also reitrici 
the groups in accordance with the silica percentage, as 
explained on page 4s. In the edition of t9sd, the prin¬ 
ciple of separating saturated from undersaturated rocks is 
nccepted as far as the feldspaihoidal rocks are concerned. 

The Committee on British Petrographic Nomencla¬ 
ture (19S1] Issued the following recommendations 
(r) that diorite should be limited to plutonic rocks 
of intermetliate compoaificn, the dominant feldspar 
being an acid plagloclase; (a) that dolerite should he used 
in the sense of a coarse-grained rock of basaltic composi¬ 
tion, usually but not always hypabyssal, and that diabase 
should be dropped; (3) that monzonite should be restrict^ 
to rocks occurring In the Monsonl district, typically 
nugite-besring and containing a noteworthy amount of 
basic plagioclase in addition to orthoclase; (4) that 
gabbro should include plutooic rocks of basic composi¬ 
tion, consisting essentially of a basic plagioclase with one 
or more ferro-magneslan constituents and . . . with or 
without olivine; {5) that the term basalt, used alone, 
should not Imply the presence of olivine. 
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It must be pointed out tbit tbe first and fourth of 
these recommendations are not dear, for we are not told 
in what sense tbe terms intennediate and basic are used; 
and that the second and fifth recommendations are 
directly opposed to German and Anerkan practice. 

The present writer is convinced of the importance of 
defining* this class predsdy. Stricdy speakings, the slate 
of exact saturation is o«dy a boundary between over* 
saturation and undersaluration—it wotikl be represcnied 
diag*ram(naticaUy by a line separttinp two fidds — and 
rocks that are exactly saturated with silica ahouJd be 
rare. In reality, owinp to tbe existence of acid and basic 
silicates and to solid solution (and in part, no doubt, lo 
the limitations of the microscopic meil^ of study), thu 
boundary line expands into a tone of narrow but appreci* 
able width, separated from (he overaaturated and under* 
saturated fielda by lines which are ** phasc'boundaries ** 
of the chemical system. Thera are no more natural 
dividin^r lines than these, and if there it to be any talk 
of correlating^ mineraJoficaJ with chemical characters 
these boundary lines or a^ any rate one of them^nuit 
be recofnised in our system ai^ nomendature. 

The boundary between the saturated and (he under- 
saturated state is a phase*bouridary for no Jess than a 
dosen different minerals {all tbose oo the unsaturated list) 
And as such it is the most important natural dividing Hno 
nmon^ eruptive rocks, and should be strictly observed in 
any system that seeks to express essential rather than 
trivial characters. Fortunately for us, it is not ^nerally 
a difficult matter to observe ibis boundary, for olivine, 
corundum snd ^nets stand out in blpb rdief in our thin 
sections, and Mdspatbmds and melilite cam be detccterl 
with acid and dyestuff. It is surprisii^ that a boundary 
so easily observ^ and of such significance in terms of tl\e 
cbemistry of the ma^a should bave been steadily 
ignored by nearly every writer since Ziricel. 

The boundary between saturation and oversaturation 
is of less importance, since it affects only a single mineral 
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(quartz). It is also difficult to observe, for & small 
quantity of quartz is not easy to detect under the micro* 
scope. We may also take into consideration that certain 
rocks which have always been regarded as typical 
examples of syenite, diorite and g’abbro actually h^d a 
little quartz; most specimens of the Plauen syenite, for 
instance, contain five w ten per cent, of quartz. For 
these reasons we may allow ourselves a little latitude as 
re^rda the upper boundary of the saturated class. It is 
proposed Co place that boundary at ten per cent, of free 
silica. Alonif with the strictly saturated rocks, then, we 
shall consider those rreositional types which carry no 
more than ten per cent, of excess silica. 

For the distinction of diorite from gmbbro, It will be 
remembered that ZIrkel used the nature of the dark 
minerals, Rosenbusch the nature of the plagioclase. A 
third meiliod is to distln^ish dlorice from ^abbro by the 
proportion of li^ht to heavy (dark) minerals. This is no 
new idea, for it hss been the custom for many years to 
separate anorthosite from ^abbro and syenite from shoiv 
kinite on this very basis. If we adopt thia method, then 
the subdivision of the pla^ioclase rocks may proceed as 
follows 

CoTtiposiUcn of 

flagioelas$. Collar-index <30. Colour^ndtx>^o- 
Ab>An Soda*diorl(e Sods-gabbro 

An>Ab Lime-diorjte Lime-g‘abbro 

Critics of this proposal have found fault with the names 
used; they say that lime-diorite is not diorite and soda- 
gabbfo is not gabbro. Whether that is so or not depends 
entirely on whether one follows Rosenbusch or Zirkel. 
But the names themselves are of no importance; it is the 
system that matters. If we were to replace lime-dlorite 
by the more familiar name anorthositei and soda-fabbro 
by the almost obsolete ^bbrodiorite, then we should have 
diorite, gabbrodiorite, anorthosite and ^abbro in place of 
the double-barrelled names used above, and there woul^ 
be little possibility of confqsior;, 
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In iftbuUr form, the writer's propos^ for the sub- 
divisioA of the setureted rocks (eucrystalline members) is 
as follows 


Compfttihon of 
foUItfer. 

Or>An/ 

\ Ab>Of 

Ab>An 

An>Or|An>A1) 

Wlthodt.frUUpar 


jMCOoraiie. 

Pottsb-syenjic 

Soda-sy^ite 

Ma-diorite 

(iSorite) 

Time-diorite 

(anAcihosilp) 


iffsotypt nnd 
moJanoeratio^ 
Shonktoitc 
Monzonite 

Sods^nbl>ro 

(j^bUroiliorilt*) 

T.ime'^alihm 

itrMrfi) 

Pppknlie 


DysetystalUoe rocks eorrespoAdin^ to syenUe, monson- 
ite, diorlte and f^bbro are trachyte* trachyandcaUe, 
an^ite and basalt respectively. I^vas corrcspondinp’ 
ta shonkinite, anorthosite and pcrknite are scarcely 
known. 


Grological occimasHCS. 

Syenite is only found in relatively small masses. It is 
usually a local facies of a lar^ body of ^anite, or else 
it forms small plug^ and dykes which are af^rently in¬ 
dependent but are very pro^bly offshoots fram ao under- 
lyici^ granite mass. TIm wclMwvm Pliuen and Meissen 
syenites of Saxony are loc^ facies of the Meissen granite; 
the Upsala granite, Sweden, passes locally into syenite; 
the Beverley syenite of Massachusetts is a facies of the 
Quincy granite and the Snowbank syenite in Minnesota 
is an offshoot of the Verznilioa granite; the syenite of 
Bulawayo forms an outlying lobe of the Matopo Hills 
granite In Southern Rhodesia. At Bancroft and French 
River, Ontario, syenite is a transitsonal rock between 
granite and foyaite (oepheline-eyenite), passing gradually 
into both. There are Mber cases where syenite is a 
marginal facies of a larger body of foyaite; this Is so 
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at Pllnnsber^, in the Western Transvaai, and aUo at 
Umptek, Kola Paniosula. In short, the g^lcgfical 
occurrence of syenite is such as to suggest that special 
conditions are required for its formation, and that syenltic 
magma is not normally present In the earth>erust. The 
very common association of syenite with nepheline-bear* 
Ing rocks points to a connection between the origin of 
syenite and that of nephellne rocks. We shall return lo 
this matter in a later chapter. 

The names dlorite and monaonite have been used to 
loosely thill it is difficuit to establish any generalizations 
about such rocks. It has nlrcndy been shown that two 
quite dilTcrent principles hnve been used In distinguish¬ 
ing diorite from gebbro, some writers following* Zirkel 
and some Roaenbusdi; and in addiiicn the name diorite 
has been extended to miny rocks that are quite rich in 
quartz. As soon as we define the name In any precise 
way, examples of the rock become hard to find. h 
seems certain that If we merely exclude tlie quarta-rich 
diorltes (tonalites) from the group, then diorite will be 
found to be quite as uncommon as syenite. Like the 
latter, diorite (using the name rather loosely) is often a 
marginal facies of granite or gabbro, or dso It forms 
small plugs and dykes which have probably been derived 
from an underlying body of granite Or gabbro. Mon* 
zonlte, coo, is a passage facies, not an independent rock. 
TItc monzonite of the Tyrol is the middle member of an 
eruptive series which began with basic lavas, continued 
with monzonite, and ended with biotite-graoite. There 
are probably no large bodies of dioritic or mcnzonltic 
magma. 

As for andesite, It Is true that great areas of volcanic 
rocks have been mapped and described under that name, 
but no conclusion can be drawn from this, for andesite 
has been more abused than any other rock name. Rocks 
have been called andesite whi*^, in any precise classifica¬ 
tion, would fall into every division of the effusive rocks 
from rhyolite to dacite, trachyte, basalt and«ven phono- 
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liie. If the definilioA of andesite tbac was proposed 
above be followed^ then those rocks wUl be fouod to be 
UttJe commoner than diorites wheo »milarly defined. 

The g^bbrotc rocks—^btro, oorite^ anorthosite and 
dolerite or diabase—are widely distributed io bodies of 
la/g^ site; and the correspondiog lava, basalt, is the most 
widespread kind of volcanic rock. The g:reat norite sheet 
of the Transvaal covers more than is,ooo square miles, 
and in spite of much variation in the pr^rtiont of light 
and dark constituents, ibe rock is in the main a saturated 
one. The anorthosite masses of Quebec and Labrador 
cover some do.ooo square miles aliogeiher, the Sain^en&y 
mass alone having an area of 5.600 square miles. These 
^reai intrusions are lately composed of saturated rock, 
althcufh they show local variations Just as granite masses 
do. The Duluth gahbro of Minnesota, with an area of 
a.400 square miles, and the ecoiMcntcaky important Sud¬ 
bury norite sheet in Ontario (500 square milos) are to a 
Ur|^ extent composed of saturated rocks. 

Although these figures are comparable with those of 
granite bathoJiths^ it seems to be well established that 
the masses referred to have the form of thick sheets or 
lopoUths. not that of batholiths. The Bushveld sheet is 
probably three or four miles thick, but it has a well 
defined eedimentary fioor which dips under the lopohth 
from all sides. The Dufuth gabbro is also a floored in* 
dusioi^it is the type example of the lopo!iih-^nd so is 
the Sudbury norite. Even the great Canadian 
anorthosites mentioned above are c^iidered by some 
geologists to be sheet-like in halnt. 

Gabbrew rocks also appear oo a very large scale as 
sills and dykes. The rock is not then so coarse in grain 
ss ordinary gabbro and norite, and it recaves the name 
of dolerite or diabase. In the Karroo system of .South 
Africa there Is an enonnous development of sills and 
dykes of dolerite, which play such a part in tbe landscape 
that it has been said that “ ooe can never get out of 
immediate sight of doleritb’' within an area of more than 
aso^coo square miles. Individua] sheets are often from 
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A hundred Co three hundred feet thickj and they lie one 
above another with sedimentary parting’s. The PaJisade 
diabase sheet of New York and New Jersey ahowe a hun* 
dred miles of outcrop and has a thickness of nearly a 
thousand feet. But large as these figures sre, they are 
surpassed by the extent end thickness of the great ^salt 
plateaux. 

The basalt flows of the Deccan, India, cover fully 
200,000 square miles, end their combined Chickness is four 
ihousand to six thousand feet. The Columbia River 
basalts of Idaho and Oregon cover 350,000 square miles 
to a thickness of two ihousand to four thousand feet. In 
(lie Parana basin of Brazil, Parnguay and Uruguay, the 
hntaltic iavA flows have been estimated to contain some 
fifty thousand cubic miles of rock. 

Not all the rocks described ns dinbasc (do)eriie) nnd 
hiisalc arc striiuly SAturated. The bigger masses vary a 
good deal In composition, and they are often olivine* 
bearing In part. 

It is probable that gabbro, norite^ dolerlte and basalt 
correspond more closely to the composition of a primary 
enrth-magma than any other rock does. 

The anonhoaites are sometimes said to be " composed 
almost entirely of feldspnr.’* That is only true ctf the 
more extreme examples, which may hold as litUe as three 
CO five per cent, of dark minerals; the average anorthosite 
probably holds about the same proportion of dark 
minerals as the average granite. It is remarkable that 
there are no lavaa of the composition of the more feld* 
spathic anorthosites.' N. L. Bowen lays great stress on 
this point, and contends that there is no such thing as 
anorthositic magma, the anorthosites having been formed 
by accumulation of plagioclase crystals from ordinary 
gabbroic magma. W. J. Miller takes another view of 
the matter: he thinks that pyroxene crystals forming In 
gabbroic magma sank to the bottom of the reservoir, 
leaving a viscous but still fluid residue which crystallized 
as anorthosite. On either of these views^ anorthosite is 
derived from normal gabbroic magma. 
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Rocks that zrt composed Co the extent of ninety per 
• ceot. or oiore of pyroxenes aod wnphiboles, with iron 
ores, ere called perlite. These rocke are found especi¬ 
ally in the form of sheets and lenses within lar^ b^es 
of syenite, diorite or g’shbro ; or else they constitute mar- 
g’in^ facies of such rocks. The mass of perknite is 
relatively sfoaJl io all .such cases, and wh^ly independent 
intrusions of perknite are not common, fn keeping witli 
this there are no lavas of perknitic composition. It has 
been su(^>osed that perknites are formed by the sinkioff 
of heavy crystals from a lai^re body of marina, and tlirir 
accumulation at a level determined by the density nnrl 
viscosity of the ma^a. It is likely that mony pyroxene* 
rooks were formed in this way, but the hornblenditea 
probably have a more complex history. In some of these 
rocks, every hornblende crystal has a’core of pyroxene, 
or rettins some trace of su^ a core; from which one msy 
conclude that the bomblendite was oriflnaUy a pyro* 
xenite, and as such it may have ori^natod through the 
sinking of pyroxene crystals. 

There are rocks that consist almost entirely of Iren 
ore (ma^fnetite, ilmenite^ chromite, spinel, and various 
sulphides). It is not ^eMrally believed thet these bodies 
crystallised from a magma of their own composition, 
The problem of their ^nesis is a very interesting' one, 
but they have more in common with ore-deposits then 
with eruptive rocks. 

MtMtRALOCY AND TRXTUftS. 

Among' the noroaJ minerals of the saturated rocks are 
all those that eppesir in the oversaturated class, althnug'Ji 
muscovite and tourmaline are uncommon, The ploj^io* 
clase feldspars show their full ran^ of composition, from 
aJbite rl^ht to artonhite. Io addition, there are varieties 
of augite and hornblende, known as basaltic augite or 
titanaugite aod basaltic bomMende, which are not found 
very siliceous rocks. In general, the dark minerals 
play a lugger part in this class than in the previous one, 
and mesotype or melanocratk rocks ere so commoo that 


ERUPTIVE ROCKS: THE SATURATED CI-^SS 89 

in several cases special names have been coined tc diS' 
ting^ish leucocratic from melanocratic varieties. 

If quarts U present, it is always among* the last pro* 
ducts of crystallisation. In syenites it generally forms 
isolated grains in the interstices of the feldspar crystals; 
in gabbro and diabase or dolerlte it is often intergrowii 
with the last of tlie feldspar» forming micropegmatite. 

The feldspars present 00 new features. .A zonal struc¬ 
ture is very common, especially in rocks like monaonite 
and irachyandcHile, which carry both Hlknli*feldspar and 
phigioc]a:>e. In many of these rocks the larger feldspar 
crystals have cores of andesine or even labradorite, which 
are surrounded by mantles of albite-rich felspar, generally 
anorthoelase. The boundary between core and mantle is 
irregular, indicating an interruption in the coarse of cry¬ 
stallization, during which the plagioclase was partly re- 
sorbed. When crystallization was resumed, the new 
feldspar was rnuch richer in soda than the old. Under 
normal conditions of crystallization the passage from core 
to mantle should be quite gradual. 

Signs of reaction and transformation are observed 
among the dark minerals too. A change from pyroxene- 
production to amphibole-production, with transformation 
of the early-formed pyroxenes into amphibolt, la very 
common, although it is not peculiar to rocks of this class. 
A reaction which involves the appearance of olivine and 
ita subsequent conversion into pyroxbne is often observed 
in magmas that are only slighdy oversaturated. It is 
known as the Bowen-Andersen ^ect, after two workers 
in the Geophysical Laboratory who showed that a melt of 
the composition of enstatite yields crystals of forsterite 
when it hrst begins to crystallise. Under normsl condi¬ 
tions of cooling the crystals react with the liquid as tbe 
temperature falls, and are converted into enstatite. The 
temperature at which this transformation takes place in 
the crucible is 1557^! but In rock-magmas the transforma¬ 
tion temperature Is lowered by the presence of other com¬ 
ponents to such an extent that it falls within the upper 
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part of che of tbe less siliceous magmas. 

Anythiog that interferes with the reaction will cause some 
olivine to be preserved. If, for instance, tbe olivine 
gralos are enveloped by pyi^ene aod so withdrawn from 
contact with tbe magma, then a liule siUca will remain 
uncomUned, and when crystalliaation is com^te we shall 
find olivine and quartz in tbe same rock; or if the magma 
is cooled sc quickly, after olivine has crystallized, that 
there is oo time for the reactioo to take place» then we 
shall find olivine crysials io a base of siliceous glass. 
Beth occur In nature, but the condition is an un* 
stable one. The proper%vay to deal with such rocks is 
to compare tbe proportions if quartz and divine and see 
which of them is in excess. In round numbers, two 
parts by vdume of olivine will combine with one part of 
quartz to form enstatite. In most cases it will be found 
that there Is enough quartz to convert all tho divine into 
pyroxene, and the reck should then be considered e 
saturated one. 

The ttxlurg U the deep-seated rocks is granitic to 
parallel. In diabase (dolerite) tbe simultaneous crystal¬ 
lisation of augite and pUgioclase has produced an ophitic 
texture, which is characterized by tbe enclosure of laths 
of plagioclase within large plates of augite. In many 
diorltes and perknices the larger crystals of horn¬ 
blende, mica or even feldspar arc sometimes crowded 
with little grilns of all tbe od>er mioerals in the rock. 
This slruchir^ which is described as pdkilitic or sieve- 
structure, may have arisen In some cases by purely acci¬ 
dental enclosure of early-formed grains within later ones; 
but in other cases it is definitely due to reactions and 
replacements taking place in the final stages of crystal¬ 
lization. 

Trachytes, andesites and basalts are for tbe most part 
minutely crystalline, exmsisting of a mass of tiny laths 
of feldspar miegled with graios of pyroxene, mica scales, 
and ore grains. Porpbyritic texture is usual in 
trachytes and andesites, the insets being of ortho- 
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clase in the trachytes'and pla^ioclase in the andesites; 
aloo^ with these there may be some plates of biotite or 
prisms of hornblende. The majority of basaJts are nor 
markedly porphyritic. The groundmass of trachytes, 
andesites and basalts often holds a proportion of giasst 
but completely glossy rocks are much rarer than in the 
oversaturated class and never constitute bodies of large 
else. Basaltic dykes intruded among sedimentary rocks 
not infrequently have narrow selvages of glassy basalt or 
tachylyte. 

Tkb Ortkoclase Division. 

(Syenite, ahtrite, monBonilt; trachyU and 
IrachyandeiiU^) 

SyenitCj loosely defined, is a coarsegrained rock 
mainly composed of alknltifcldspar; quarts is only present 
in trivial quantity, and feldspathoids should be totally 
absent. Syenitic rocks containing a large proportion of 
dark minerals have been called shonkinite. Monsonite is 
a syenitic rock containing much plagioclase In addition 
to orthoclase. The original monsonite of the Tyrol holds 
almost equal amounts of light and dark minerals, and a 
leucocracic rock of the same type, found in Norway, has 
been called akerite. Theae three names, shonkinite, men- 
zonlte and akerite, should be regarded as subdlvisiona of 
syenite. Some authorities prefer to apeak of syenite 
(Monsoni type), syenite (Aker type) and syenite (Shonkio 
type); there is much to be said in favour of this, but there 
are times when the briefer forms are more convenient, 
For lavas fewer names are in use. Any lava of syenitic 
composition may bs called trachyte, and trachyandesite 
may be used for those of akeritic or monsonitic 
oom position. 

Tbe piraluminous type of syenite contains biotite as 
its characteristic dark silicate. With the disappearance 
of quarts, muscovite becomes uncommon and tourmaline 
and topax virtually disappear. Many rocks have been 
described by the name of mica^syenite, but on close in¬ 
vestigation they are generally found to carry a good deal 
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oi quartz, aod borpbiende is often present in addition to 
biotite. Tbe syenite of Durbach, which is a marginal 
facies of the Black Forest granite, has in part the com* 
positioo of a true nka^syeoite. The rock is porphyrittc, 
with insets of orthocUse scattered in parallel position 
through a groundmass of bbtite scales and smaller grains 
of ortboclase. In places it carries quartz, hornblende or 
pJagioclase. Tbe proportion of mica is high, and some 
of the rock might be called mka-shonkinite. True mica- 
syenites, with only five to ten per cent, of biotite and 
muscovite^ occur among tbe granites of Ontario. 

Mtca-tracbyte is known in a few places and on a smoll 
scale, but most trachytes whid> carry biotite carry horn¬ 
blende or diopside an addition. Examples of mica- 
trachyte are oot uAcommon among dyke rocks; for 
instance, the dykea of mioetie or mica-trap whidt arc 
' found in association with graniUc rocks in many pans of 
the world are eyenitic to irachytic in character. 

The mstaJuffunotu type of syenite Is mud) commoner 
than the peraluminous. The horoblende-syenite of 
Piauen, Saxony, bas loog been act^ted as the typical 
syenite. (The rock of Sycoe (Assouan), Egypt, which 
gave rise to tbe name. Is now t;lassed as a hornblcndc- 
graoite). SodaK>rthodase makes up about thrce-qunrtcrH 
of tbe Ptaueo rock, and green boroblende, accompanied 
by a little biotite, from fifteen lo twenty per cent. Quaru 
seem a always to be prescot to the amount of five or ten 
per cent., and as tlM quartz content increases the rock 
peases insensibly into tbe Meissen granite, of which h U 
a local facies. 

Tbe oordmarkite of south Norway Is largely a met- 
aluoiinous sytaite, holding both borableode and biotite, 
but the proportion of quarts is often so large that the 
rocks are really sub-add granites. Beautiful examples of 
syenite, carrying two or three dark silicates, have been 
descrlb^ to b^tana and New Hampshire, and In the 
Monteregiaa Hills of Quebec. Homblende-blotite 
syenites aod sboAtd&ites carrying as much as eighty per 
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cent, of hornblende are developed in connection with tlie 
Vermilion and Sa^na^ granite batholilhs ($ee pp. &t 
and 70]. All typical examples of moneonite are met- 
aluminous. The monsonite of the Tyrol carries a pale 
green diopslde^ hornblende and brown biotJte, also 

sometimes hypersthene, along witlt soda-orthodaae and a 
plagloclase of the average composition of andesine. The 
proportion of dark minerals ia in the neighbourhood of 
forty per cent., but the composition of the rock varies 
greatly from place to place. Monzonkes occur also in 
British Columbini Montana and New Hampshire, in 
association with trachyandeslic. Leucocratic monsonlte, 
nr nkerilc, takes iti name from the Aker district of Kor« 
wtiy iMid other examples are known in the Montereginn 
Hills of Quebec; Tripyrnnild Mtiu, New Hampshire; nnd 
near Pretoria, Transvaal. 

The majority of trachytes are metalumlnous, The 
widely-known rocks of the Drachenfels and other hills in 
the Siebengebirge on the Rhine are porphyritic rocks 
with large insets of lanidine in a pale grey, mlcrocryi- 
tallino or partly glassy groundmase. Some acid plagio- 
clase le always present, and among the scanty dark 
minerals biotite Is commonest, but dlopslde and horn* 
blende are also seen. The crystals of hornblende and 
biotite often have a corroded appearance and are altered 
externally into grains of dioptide and Iron ore. The 
scanty gla$» base is highly siliceous and a little quarts or 
tridymite may be det^oped Irt the groundmass. The 
trachytes of the Auvergne, France, are mainly biotite* 
trachytes with subordinate hornblende. Many varieties 
of diopeide-blotite trachyte and diopside-hornblende 
trachyte and trachyandesite have been described in Italy. 

The trachyandesites are typically darker in colour then 
the tradiytes. That of Pretoria le a dark grey rock hold* 
ing a few small insets of plagioclese which ere seen, when 
examined under the microscope, to have broad mantles of 
anorthoclase round them in which tiny grains of the dark 
minerals axe embedded. The latter are green hornblende, 
diopside and brown biotite, and thev tend to occur in 

• 7 • 
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clusters Abnf witfa titanoma^etite and apatite, each 
cluster having a grain of diopskie at its centre. The 
dark minerals make up about 20 per cent, of the rock. 

syenites^ which carry diopside or augite 
unaccompanied by bombl^de or biotite, arc rare. When 
a pyroxene occura alone in a syenite >t is nearly always 
an alkaline one—^irine, 8cda*dtopside, or diopsidc with 
mantles of •girine. In Ifae Laurvik syenite of Norway 
a brown augite is sotnetimea the only dark sUkate, though 
it is more usual for this rock to carry some horoblende or 
biotite la addition. Pyroaene-trachyte, on the other 
hand, is not uncoAcnon. The pyroxene may be a pale 
green diopilde, a greyish augite, or rarely hypersthene. 
Such rocks were described by Wasbingtoo from the island 
of Sardinia. The trachyte of Monte Arei, for instance, 
holds insets of soda*ai»cf^ine in a dense grey base com¬ 
posed of feldspar with a little quarts and about ten per 
cent, of augite and magnetite. 

The ptralkriint type it well represented in Finland 
and Scandinavia. At Umplek in the Kola Peninsula a 
syenite composed of rnicr^erthite with arfvedsonite and 
agirine forms a border facies of a great body of nephdine 
rocks. The syenite of Almuoge, Sweden, carries two 
different soda*amphiboles, a brown arfvedsonite and a 
blue-green hajtingsite. Many examples of agirine- and 
arlvedsonite-syenites and ahonkinitea have been described 
in the Cbristiaflia (Oslo) district of Norway. 

The peralkallne granite of Quincy, Massachusetts, 
passes into the Beveriey syenite, a rock which Is almost 
free from quarts and carries either i^rine or soda-horn¬ 
blende, with accessory biotite, magnetite and sphene. 
The rock of Wigwam Quarry bolds seventy per cent, of 
sodi-potaasic feldspar, eight per cent, of quarts, and 
twenty-two per cent, of sgirioe and riebeckite. 

Peralkaline trachytes are well developed in eastern 
Australia and New Zealand. The trachytes of the 
Naodewar Mts. carry serine and a deep blue horn¬ 
blende, with soda-rich feldspar and sometimes a little 
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quartz, ^^rlne-trachytes occur on Mt. Flinders and in 
the CanoboJas Mta., and arfvedsonlte'riebeddte trachyte 
in the Glasshouse Mts. Trachytes composed of soda* 
orthcM:lase, soda-diopside and mai^netite, with very little 
quartz, are developed near Dunedin, Kew Zealand. 
Similar lavas with egirine, coasyrite, and fayalite are 
widely distributed about the Great Rift Valley, in Kenya. 

Ths FtAOiocusB Division. 

{Diorit$, ffcbbro, anorlhosiU, noritt; doUritt {diohas 4 ), 
andesili and baralf.) 

The meaning’s attached to the names diorlte and 
j^abbro, andesite and basalt, by Zirkel and by Rosenbuscli, 
have been caploincd, and an alternative proposal was put 
forward on p. 83. Whatever system one follows, the 
most typical diorites^—thoie composed of oligoclase and 
liornblcndc^remain diantes and the most typical gebbros 
—those composed of labradoritc and pyroxene—remain 
gnbbros: while as for the anorthosites, if one calls them 
by that name it li quite unimportant whether they are 
regarded as a subdivision of the diorites or of the 
gBbbros. Dole rite and diabase are synonymous terms 
for dne-grained gabbro or coarse*gralned basalt; and 
norite is just hyperstheae-gabbro and ought never to 
have received any other name. 

Rocks of perelkallne type do not occur in this division, 
and peralumlnous varieties are very scarce. The name 
mica*diorlte is quite widely used In petrographical litera¬ 
ture, but most of these <ocks either hold so much quartz 
that they are really tonal ites or else they carry hornblende 
in addition to blotite. Mica*andesites which contain no 
hornblende are equally scarce, in spite of the common use 
that has been made of the name. 

Mtlaluminous varieties of diorite and soda-gabbro are 
common enough, usually in asso^ation with great in¬ 
trusions of granite, granodiorlte and tonalite. Horn- 
blende-plagioclase rocks of variable composition occur 
among the border-facies of the Vermilion granite (p. 63} 
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and the Saff«nag:a granite (p. 70) j tod quite similar roeks 
are develc»p^ in coooection with the graoodioritea and 
tontlites of Montana. Dioritea of very variable eompoai- 
ticQ occur at Electric Peak in the YelJowsiooe National 
Park. Both hypersthene and augite are present, along 
with hornblende, biotite, ptagiodase, onl>oclase and little 
or much quartz. In Europe, the Br&nner tonalite rnaas 
in Austria haa marginal fades rich in plagioclase, bom* 
blende and biotite. The b»tite^rani(e of Sark, Channel 
Iflandsj passes locally into rocks composed of oMgoclase 
And hornblende in aknost equal parts. All such rocks as 
these are dlorite in the sense of Rosenbusrh, but the 
r'lklour index is ufmonnally hl^'h. 

Hornblende- and homblende-bioiiie nndt^sites hnve 
been described in North and Central Amcrii'ti, the Andos, 
Hungary, Spain and elsewhere, but in absence of quanti* 
i&tive detail one can never be sure wJiaC the precise 
minsralogical composition of these rocks is. Some of 
them are certainly rhyodadies and dacites. The lavas of 
Electric Peak and S^ulcbre Mtn., Vellowstooe National 
Perk, have bean described as aodeiite, although some of 
them are rather strongly oversaturated. They vary from 
microcrystaliine to hypccrystalline. the majority having 
more or less of a dark*co)oured glassy base. Augile, 
hornblende and biotite are all present, but hornblende and 
biotite increase in abundance as augite difninlsheS' 

Hornbland^basalt is not common. An interesting 
example has been described at Bill Williams Mtn., 
Arizona. The visible constituents of this rock are horn¬ 
blende (4d per cent.), labradorite (is percent.) and* mag¬ 
netite (s per cent.), and there ia a crypt^ryats!line 
groundmass which loakee up the remaining yy per cent, 
of the rock. Chemical analysis shows that if the rock 
had crystallized completely it would have had approxi¬ 
mately the following composilioa:—quarU 7, plagioclase 
4a, hornblende 48, magnetite a per cent. Although the 
insets are of labradorite, the total plagioclase has the 
compositioA of oCigodase, so the grouodmass must con¬ 
sist almost entirely of quarta and aJbite. 
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Among anorthosites, gabbros and basaJts the fub- 
nfummoK; type predominates greatly. Many of the 
greatest gabbro and norite masses are subaluminous 
throughout, and in others homblendic and biotidc facies 
are only of local occurrence. The pyroxene may be 
rhombic or monoclinic, or it may belong to the inter' 
mediate group of the enstatitc-nugiies. Pnrallel inter- 
growths of rliomblc and monoclinic pyroxene are also 
known. Some of these rocks carry a little quaru and 
orthoclasc, and sonic liold a few grains of oUvinc which 
are enclosed in pyroxene and have consequently escaped 
resorption; but the main constituents are always Isbra- 
doriic and some kind of pyroxene. In coarse-grained 
gAh]>ros the pyroxene IiaK the habit of cllallage, with an 
III most mkaucoux ricflvagc p^irallcl to one of the pinu- 
colds; in the noriicx k in hypcrxtiiciie, which nmy be 
usHOClstcd ^^’ilh HUgktc or diallage. In the dulcritcs (diH' 
bases] and basalts the pyi’oxcnc niny be of any kind witli- 
out afTccliiig the name of the rock. 

Prof. R. A. Daly has written of the great norite sheet 
of the BushveM Complex, in the central Transvaal, that 
for vAstness of scale and for drastic results of dif¬ 
ferentiation in place, it seems to be without a peer among 
the known rock bodies in the world.'* The upper eight 
or ten thousand feet of the sheet consist of a fttrly homo¬ 
geneous norite of medium to coarse grain, the crystals 
being commonly from a quarter to half an inch in 
dinmeter. It weathers with a dark brown crust, but the 
fresh rock is rather light grey in colour, consisting of a 
whirs felspar and a dark grey pyroxene In nearly equal 
proportions. Tlie fcUIspar Is a labrsdorite holding about 
sixty-five per cent, of anorthlte. The pyroxene is partly 
hypersthene (bronalte) and partly diallage, the two being 
often intergrown and sometimes ophltic towards the feld* 
spar. Many specimens hold nothing else, except a trace 
of apatite or iron ore, but sometimes a little hornblende 
or biotite has been formed about the margins of the 
hypersthene crystals In the lower half of the sheet the 
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norite >s siroogly differeotiated^ paMin^ on the ooehtnd 
cbrou^ broaate-ricb ooKte ioto pyroxenite (brooxltite) 
and 00 ihe other haad tbroM^h feldspathlc norite into 
anorthosite. 

Most joorcbositea hcdd rbosnbic or monoclbic 
pyroattiOi but bomblersde is common^ and an iroft'n^ni*' 
nesiiiQi farnet is an important accessory id some 
anorthosites. Tbe feldspar U usually byCownite or 
labradorite* but it may be aadesine or even oHgO' 
clase. An andeaino*aoorihosite baa been described in 
Virginia: besides the dominant jda^ktclaae it holds a 
little mierocUne and quartz, witb hypersthene, rutile, 
ilmenite and apatite. The Bush veld anortbosites form 
bands and lenses within differentiated sorite. The rocks 
are blue.^ey to white in colour and look much like marble 
in the field. They are composed of interlocking grains 
of a very calcic plagioclaae, containing nearly ninety per 
cent, of anorthite, with only triOing amounts of a pnle* 
coloured pyroxene, apatite» pyrrbotite and chromite. As 
much as ninety«seveo per cent, of the rock may be 
feldspar. 

South A/rku cuntains anuthvr bug« rorinatkin of 
gabbrotc rocks, in the form of doleritc sills whidi outemp 
everywhere through a quarter of a million square miles. 
The composition of these rocks is very simple, about nine* 
tenths of each rock being composed of plagiodase and 
augite, generally in opbitic inleigrowth, together with n 
little titanonugnetite. In tbe interstices there may bo a 
little micropegmatiie of quarts and orthoclase, and some* 
limes a few grains of olivine have been enclosed in augiic 
nnd so prevented from resetiog with the excess of silica. 
The average composition of these rocks might be ex* 
pressed as labradoHie 40 to $o, augjte 30 to 40, orthoclase 
o to 5. quartz o to 5, olivine o to 5, titanomagoetite a to 
10 per cent. The same figures might stand for the com* 
position of dolerite (diabase) anywhere in (he world. 
They compare very closely with the figures given by A. 
Holmes for the Whin Sill and related dykes of the North 
of England. 
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Augite- and hypersthen«'andesites in the sense of 
Rosenbusch are common lavas, but most of them hold so 
much pyroxene that the writer would prefer to call them 
basalt. The andesites of the San Francisco volcanic dis* 
trict in Arisona are interesting as showing olivine crystals 
in a glassy base which contains enough free silica to have 
converted all the olivine into pyroxene if the cooling had 
taken place more slowly. 

Basalts show about the same range of composition as 
diab&sc (dolerite). The basalt* of tho Deccan, India, are 
remarkobly alike in character all over the huge area of 
soojcoo squaro inMea which they cover. They are dense, 
>K>n-purpliyriilc rocks with less than ten per cent, of inter' 
stitisi glass. The mlneralogical composition^ calculated 
from analyses by H. S. Washington, is roughly as 
follows:—quarts a to 5, orlhoclssc 5 to 7, labrsdorite 40 
to 50, pyroxene 30, tind >1*00 ores up to is per cent. 
Quito similar figures are given for tho Snake River 
basalts In Oregon and for the basalts of Iceland and the 
Faroe Islands. Thu texture of basalts Is more commonly 
granulUic than ophUic; that Is, It is characterised by 
rather rounded grains of tug)to caught in a network of 
felspar lathi, with or without some dark'coloured inter' 
stitial glass. Gas vesicles are often developed, the larger 
ones being many feet in diameter. These are lined with 
beautiful crystals of various seolites, end agates are also 
common in such rocks. 

Thk KypmMBLANic Division. 

(Psfkrtrt#^, pyroxinitts, hombUnditts.) 

We include under the name of perknite all saturated 
rocks which are composed to the extent of ninc*tcntha or 
more of pyroxene, hornblende, biorite, and oxidic or 
sulphidic ores. Such rocks are generally called pyro- 
xenite or hornblendile, but more specific names are ^ao 
In use, such aa hypersthenite, diallagite, etc. Perkniles 
do not constitute independent rock masses; they are 
typically differential facies of other rocks.which may 
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rangv from grtnite ti> gabbro. Hombleoditos are mosUy 
found in assodaCion with rather addk rocks, pyroxeniies 
with gabbros and norites. Homblendites arc associated 
tvIUi the VenniJjon and Saganaga graaJtes (pp. 6a and 
70). It is somccitnes possible to show that hornblendites 
have been formed by Ibe transformation of pyroxene into 
hornblende the proceas has been well described :n rocks 
of Garabal Hill, Scotland. 

An occurrence of pyroxenlte which has become classic 
since its description by Pr^. W. C. Brdgger is found in 
the parish of Gran, Norway. Id this neighbourhood 
there are several bMses of a monaonitic rock containing 
orthoclase, labradorite and augite. About tbe margins of 
the bosses the augite has been concentrated at the ex¬ 
pense of other mlneraU) pving rise to a rock that coitiisu 
of as much as 95 per cent of augiie, with only trifling 
qusntitics of hornblende. blotUe and feldxpar. 

Pyroxenites consisting almost whoUy of ortho-pyro¬ 
xene (hypersthene or bronsite) are largely developed In 
the deeper layers of the Bushveld norite, and entirely 
similar rocks occur in the Great Djite of Soulhcnt 
Rliodcsla and in the SiiMwater complex of Montana. 
Some of these rocks carry a little diopside and chromltCi 
but many thin sections show nothing but liypcrsUtcnc. 
Some pyroxenites hold a good deal of oxidic or sulphuric 
Iron ores. At Glamorgan, Ontario, a I»eavy pyroxeniilc 
rock consisting of augite and tltanoenagneUte in about 
equal parts has been worked as an iron ore. 

The conditions of formation of perknltes stand greatly 
in need of further mvestigmtiofl. 
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CHAPTER VII. 


ERUPTIVE ROCKS—THE UKDER- 
SATURATED CLASS 

(NON*FSLd^MTIIOa)AL (iltour). 

Tbis coDUio$ rocks in which the alkclift are 

aoturated with silw* but sonie ot the m^e<ia> lime or 
alumina i« unaaturated. The characteristic minerals ot 
the if roup are oUvine, oielUite, t'orundunif melanitr, 
p>rope and perovskite. Of ibese only the first baa iiny 
quantitative importance. 

None of the larger divisions of ?Cirkel's system wna 
bsied on the preseoce or absence of (divine, but within 
Classes IV and VI 1 (be oUvincobearlng rocks were 
separated from the olivine-frae. No new names were 
given to them, the hyphenated forms ollvine-gabbro, 
olivine^labase and olivine*oorite beiog thought distinctive 
enough. The effusive rock corre^Mding to these was 
called basalt (or sometimes fe)dspar*basalt to distinguish 
it from nepheline-basaJt). No prefix was needed in this 
case because the name basalt definitely implied the pre¬ 
sence of olivine, a plagiociase-augite rc^ without 61 ivine 
being called augite-aodesite. 

Rolenbusch followed wUar lines io separating the 
olivine-free members of his family of g^brolc rocks from 
the aUvine'bearicig ones, naming them simply olivinS' 
gabbro and olivixie^ooHte. As regards the use of the 
term basalt, he says expressly that *' if one speaks simply 
of basalt, one means oli^^basalt.*' Iddings, to0| 
follows Zirkel's practice in this matter; he writes of 
basalt and olivine-free basalt, giviog the latter the 
alternative oame of labradont^ande^le. 
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British writers have reversed this procedure. Marker, 
Hatch, Holmes and Tyrrell all describe basalt as being* 
typically free from oUvii^e; and the British Petrographic 
Nomenclature Committee recommended in 19SI that 
Che term basalt used alone should not imply the pre* 
sence of oUvloe. Basalts containing olivioe as an essen¬ 
tial consiitucnc should be described as olivine-basalts.*’ 

Ic is interesting to notice that the fashion of creating 
new specific names, which has been carried to such 
lengths in other groups of rocks, has left the olivine- 
bearing group almost untouched. Although no less than 
four names (gabbro, diabnsc, norite und hyperjte] are 
used lo express n chungc in the character of the pyroxene 
uf gabbruic rocks, Trum (llallngc to uugiie and bypen- 
i)icnc« yet the uppuuruncu of ihu new mineral olivine la 
only marked by llie use of a Ityplien. This Is a case when 
the IntroilucUuiJ uf a new nninc would have been justU 
iiud, for Iho nppunrance of olivine in a ruck indiumcs the 
crussing of <1 significant chemical boundary. 

As regards the other characteristic minerals of this 
group, most authorities put the melilite rocks in a special 
subdivision, but no significance from the point of view of 
classification has ever been attached to corundum, 
inclanUe, pyrope or perovskite. 

The present writer would subdivide this group of rocks 
on the same lines as the saturated class (see p. 84). 
There being no distinctive group names in existence, one 
must just continue to use the names of the saturated 
rocks, adding the appropriate prefix, as olivine-gabbro, 
melanite-syenite, corundum-anorthosite, and so on. If a 
group name is required, a provisional one may be made 
by putting the prefix sub- before the rock name; thus 
sub-syenite may stand for the group which contains the 
species melsnlte-syenite, corundum-syenite and olivine- 
syenite. 

GSOLOCICAt OeOUBRENCB. 

Only the olivine rocks form large geological masses. 
Some of these are feldspar-bearing (olivine gabbro or 
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norite, and olivioC'basall), others are Tree from feldspar 
(peridotite and serpentine). The great mess of olivine* 
norite whkh builds up the peoiosula of Sierra Leone has 
an area of at least two hundred square miles, and olivine 
is distributed fairly unifonnly, to (he amount of tan or 
fifteen per cent., through the whole mass. In places the 
rock tends to be band^, some of the bands being richer 
in feldspar and others richer in olivine. The Duluth 
gabbro, in Minnesota, is also banded and some of the 
bands contain olivine. 

The great sheets of olivine-gabbro or norite at Insirwa 
and Tabankulu in South Africa are each fully half a mile 
thick, and A. U du Toit considers that the original sheet 
of which these are only relics covered not less than seven 
hundred square miles. The Tabankulu sheet is olivine- 
bearing throughout its wh^e thickness, but (he concen¬ 
tration of olivine increases downwards to such an exleiu 
(hat (he specific gravity of the rock at the bnse of (he 
«heet is 3.S7, that at the top being j.91. A tUnilar 
downward concentration of olivine is noticeable at 
Inslswa, where (he base of the sheet is a dark, heavy roc'k 
i.'ORiposed of pyroxene and divine v’i(h little feldspai, 
while the top of the sheet is an ollvine-free gabbro which 
carries a little quartz. The lendcocy of the magma to 
become differentiated into divin^rH^ and ollvinc-poor 
fractions, which 1$ clearly demonstrated in these cases, 
finds a still more remarkable illustration in the Island of 
Rum, Scotland, where A. Harker described a hill (AlUvnI) 
built up of nineteen nearly horizontal layers alter¬ 
nately composed of olivine-rodc (peridotite) and of olivine* 
anorthite fock (aUivalite). 

In the Insiswa and Tabankulu sheets, and in other 
sheets of simDar structure and composition in many part.s 
of the world, the divine crystals are believed to have 
formed in the magma at an early stage and to have sunk 
under their own weight (gravitational differentiation or 
crystal-settling). In the of the Alllva! sheei«, 

Harker supposes that differentiation took place below the 
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level of intrusion, and ihat lighter and heavier fluids were 
injected alternately. 

Many g'reat sheet-intrusions in addition to those 
named above carry olivine in part; thus the Palisade 
diabase sitl of New Jersey has a aone of oUvine-rich 
diabase about 6fiy feet atove its base, but this facies 
only makes up about one per cent, of the thickness of 
the sheet. An admirably complete study of the Rravita- 
tional concentration of olivine In this sill has recently been 
made by F. Walker who has also studied the same 
phenomenon in the Shiom Islands, Scotland. 

Among the effusive rocks of the centinenta, olivine- 
hasaU is nearly ns common as ullvinc*free basalt, althougli 
irxise use of rlie name basalt to cover both olivine*bearing 
an<l nlivine-frre roi ks makes It difficult lo test this enn- 
clu.slon stntlslirnlly. The lavas of the occfinic Islands, 
especially the enormous pile which rises about 30,000 feet 
from the ocean door to form the island group of Hawaii, 
are very largely otivine-bssalt. 

Among the ollvine-ricb rocks which are nearly free 
from feldspar, we have already seen that some appear to 
have been formed by the sinking of olivine cryscels out 
of a feldspethic magma, and their accumulation at or 
near the base of the intrusive body. But there are 
perldotltes which are definitely intrusive on their own 
account and seem to owe nothing to crystal-settling. 
These form stocks, pipes and dykes, some of which are 
of ^ry large size. In the Great Serpentine Belt of New 
South Waletj various types of peridot lie and serpentine 
form a chain of outcrops which extend for a total distance 
of nearly two hundred miles along the line of a powerful 
fault' Feldapathic rocks such as olivine-gabbro and 
anorthosite play a very minor part In this complex. Tlte 
Great Dyke of Southern Rhodesia, an immense dyke-like 
body three hundred mlJea long and five miles wide, is 
also composed very largely of bypermelanic rocks such as 
pyroxenite and perldotite, with only a subordinate 
development of norite. 
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Stock-like bodies of peridotite witbio larf er intrusions 
of olWioe-gabbro nre developed in the Urol Mts. 

Round a core of peridotite ibere is « aooc of more pyro- 
*eoic peridotite, tbeo one of meiioocralic gabbre which 
passes out lato normal gabbra remarkable aoned 

intrusive bodies are paralleled on a smaller scale in the 
eastern Transvaal, where there are i^pe-likc bodies of a 
dark, Iron-rich peridodu, surrounded by a aone of mag- 
ne«an peridotite, then sometimee by a zone of pyroxeniie, 
which passes out Into ordinary norite. The meaning of 
this extraordinary zonal arrangement has not been made 

The diamoed-bearing kimberlite pipes of South Africa 
are independent intrusive bodies mainly composed of olivine 
and serpentine, occupying the throats of former volcanoes. 
Nearly three hundred such pipes, ranging in size from 
the premier mine, with a diameter of a iltousand yards, 
down to pipeleis only a few yards across have been 
located in the Union of South Africa alone, and many 
more are known in South-West Africa, Rhodesia, the 
Conge territories and East Africa. 

Thus, although there ii adelnite group of ** accumu¬ 
lative peridotites " which were not formed from a magma 
of their own compositiM). the other group of " intrusive 
peridoiitca '* and serpentines establishes the existence of 
olivine-rich magma In the crust of the earth. When one 
takes into account, too, the olivine-gabbros and norites, 
olivine-diabases and olivine-basalts, then It becomes clear 
that undersaturated magnesian magoia is oce of the more 
important structural materials used In the building of the 
earth. 

One cannot say this of the other rocks that fall In the 
present group. Corundum is almost cwdined to certain 
syenitic and dioritic pegmatites and aplites which are 
restricted in distribution and relatively Insignificant In 
bulk. The corundum reefs of the Transvaal a/e coarse 
pegmatites which carry quartz atwl mka where they cut 
granite and only becom corundiferous when they enter 
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b&sic magnesian rocks. The conditions under which 
corundum occurs in the United States and in the Ural 
Mu. are almost IdeniicaJ with those in the .Transvaal. 
The corundum-peg’matites of eastern Canada are derived 
from E^aniie masses which Invade a country of limestones 
and amphibolites. These fecte clearly indicate that 
corundum is a product of some spcual reaction^ for no 
normal msEtna carries such an excess of elumine as to 
give rise to corundum. Tn dyk^rocks and lavas a small 
content of corundum is sometimes a result of assimilation 
of aluminous sediments. 

Rocks containing melilite are very rare and they are 
nlmost elwnys found in smell pipea^ dykes, and Inalg’ni- 
Scant surface flows. The mdlUte basalts have clearly 
rry^tallixwl from n ma^'cna of their nvm composition^ but 
it Is also clear that this majfmn Is so rare that it can 
only have been formed by some special reaction from n 
more usual type of ma^a. The association of melilite 
rocks with thick limestones is 10 conspicuous, notably in 
Germany, Bohemia and eastern Canads, as to have led 
some authorities to believe that melilite is a product of 
the assimilation of limestone. A plup of meUllte«basBlt 
that cuts dolomite in Missouri has recently been studied 
by Sin^ewald and Milton, who And strong* evidence of re* 
action end solution of dolomite In the msEme. It is true 
that there are some occurrences of melilite-basaJt in 
regions where no limestone ia visible, but then one never 
knows what a magtna has come into contact with far 
underground. At all events, it is certain that melilite 
nrc abnormal and of no quantitative Importance. 

Melanite or andradlte (calcium-ferric g^arnet), a minor • 
constituent of many feldspatholdal rocks, Is sometimes 
present in syenites which contain no feldspatholds at all. 

It only becomes abundant in some rare types of melano- 
cratic syenite, es at Loch Borolan, Scotland; Poohbah 
Lake, Ontario; and Sviatoy Noss in the Transbalkal 
region. There Is strong reason to believe that the 
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mineral is formed In consequence of sssImilAtion of lime¬ 
stone by .alkaline magroas. 

Pyrepe is a mioor coosUluent of scene pendoliles and 
serp^tines, such as the kimberlite of Sooth Africa; and 
perovskiie is an accessory mineral of melilite and 
nepheline rocks. 


MlNERALOCr Am TBXTUU. 

In addition to the si* rainersU* that arc characteristic 
of the group, any mineral that occurs in the saturated 
i.lass—that is, any variety of feldspar, pyroxene, amphi- 
I>o 1 cor mica, but neither quart* nor any fddspfliboid—may 
appear In this (?roup of rock*. As regards quart*, there 
is the usual exception to be made that a amall quantity 
of quart* may be present in consequence of the Uowen- 
Andersen effect, as explained on page 89- In most caics 
where quart* and olivioe appear In the same rock there js 
enough quart* to combine with all the olivine present, 
but sometimes olivine la m exeeas, and then the rock must 
be judged ro belong to the present group in spite of the 
presence of a trace of free silica. 

Olivine is almost always t mineral of early crystal¬ 
lisation. In coarse-grained rocks the olivine crysUls are 
often enclosed in larger crystals of augltc, mica or feld¬ 
spar, giving a polkilidc texture to the rock. When the 
quantity of olivine is small and U U associated with a 
strongly cakic plagioclase, the olivine crysulliies later 
and may be moulded on the feldspar. In lavas olivine 
crystalllxes early and does not ever seem to be retained in 
the glassy base; it forms conspicuous little insets which 
may become grouped together to form nodules of com¬ 
paratively la^ size, la owst oUme-bearing ro^ the 
beginning of the alteration of oUvine into serpentine can 
be observed. Creenish or grey minutely 6brous serpentine 
grows about the margins of the olivine grains and along 
cracks in the interior, and at a later stage an entire 
crystal may be converted into a mass of serpentine in 
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which only & few rounded grains of olivine survive. The 
peculiar mesh-structure that persists when the whole of 
the olivine has been changed makes it easy to recognise 
serpentine that has been formed from olivine. Other 
magnesian minerals auch es enslatite and hornblende may 
also undergo serpent! niaation. 

Melilite is almost always confined to Che groundmass 
of A rock, and forms lltlle laths which show very weak 
birufringcncu. It Is most easily Identified by gelatinizing 
wicli acid nnd staining wltli an aiuline dye. * 

Corundum forms liexagonal prisms and barrel-shaped 
crystals In some pegmatites, It Is seldom found under any 
other circumstances, but grains of sapphire are occasion- 
Ally seen In basaltic (lows and dykes which have 
assimilated sedimentary material. 

Mcl&nltc uryKinllisecK In rhombic dodecahedrons. The 
colour 1 $ brown to yellow In tliin sections; it Is some* 
timux dintributud in zones wltich arc parallel to the egn- 
Lours of llic crystals. Some mclanite is very rich In 
titanla, and then crystal outlines are usually lacldng, The 
transformation of tiumiferous mclanite into sphene has 
been observed, 

Ferovsklre forms tiny yellow octahedrons in the 
groundmass of some melilite and nepheline rocks. 
Fyrope is confined to perldotltes and serpentines; the 
crystals arc rounded and enveloped by a mantle of horn¬ 
blende prisms and other reaction-products, 

T>iB Orthoclass Division. 

This division Is very scantily'represented. Corundum, 
melilite and melanlte are rare minerals, and olivine is very 
seldom associated with orthocUse, presumably because 
the molecules of these minerals can react to form biedte 
and hypersthene. 

The peraiumtnous type is represented by the corun¬ 
dum-syenites and pegmatites of Ontario, which have a 
soda-rich microperthiie as their feldspar. The only heavy 
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niner&ls besides coruodiUD are white end bJack mica and 
rarely a Uttle hombleode. Mtcropertbite-conmdum rocka 
with subordinate mica are also found in the Ilmen Mts. 
and in Madras. 

A syenite of mttahmtinous type, conuining' soda> 
orthocJase together with olivine, brown hornblende and 
tnotite, has been described at Sc. HUare Ml, Quebec. 
Monaonites carrying oUrae and biocice are known at 
Smalingen, Sweden, and at Kentailen, Scotland. The 
latter rock holds welS-formed crystals of augite and 
olivinei with plates of biotite of late cryitallinaUon, in a 
groundmass which consists of orthoclase and aodic 
plagiodase in roughly equal quantity. 

OJivIae^trachytes and trachyand^ites of 
type have been described in a few instances. Lavas of 
Moots Gmini, Italy, carry augiie and about ten per cent, 
of olivine* with so^>ortbodaae and plagiodase. Olivine 
is also present In some’variedea of the trachyte of Mont 
Dore* Auvergne. 

The perdUafina type is represented by the rare 
melanite«sgirine syenites. A coarse-grained melanite* 
syenite at Poohbah Lake, Ontario* consists of large, flesh* 
coloured crystals of microperthlte which are em^dded in 
a greenish mauix of feldspar, soda-pyroxeoe* melanite, 
biotite, sphene and apatite. Rocks of similar 
cnineraJofical character have bean found at Loch Borolan 
and Loch Ailsh in north Scotland, and at Sviatoy Noss, 
Transbaikalia. 


Tiia PucrocLAss DtvistoM. 

The plagiodase-coruodum rocks of the Transvaal, of 
Plumas County, California, and of Dungannon, Ontario, 
are peroluminow dioriles and soda-gabbros. Some ol 
these rocks hold little but oUgodase and corundum, but 
others have biotite in addition. The eoruodum-anorihos- 
ite of Kyscbtym, Ural Mts-, has anorthite for its feldspar 
and biotite and spinel as accessory constituents. 

Mttaiurninous rocks are quite uncontmon in this 
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group. Under the name of essexite certain rocka have 
been deKribcd in Norway and in the Monteregian HOls 
of Quebec which cooalst of a calcic plagiodase together 
with some alkaU-feldspari and augite or hornblende i 
biotite and olivine. They have little quantitative import¬ 
ance. 

Among the ;ubcl«Wn0uj members of thia group, those 
with a aoda-rich plagloclaee are scarce. Such a rock has 
been described from Hawaii under the name of kauailte. 
ft is coarso-gramed and composed of large tables of 
pl&gioclnso with a zonal structure, the average composi¬ 
tion being andcslne. The dark silicates are pyroxene and 
olivine, and an unusually large proportion of titaaomng- 
nctite and apatite ia present. The rock is a soda-gabbro. 
Soda-basalts have t^n described in the Isle of Skye, 
under Che name of mugearlle. These arc dark, compact 
rocks without insets of any kind, closely resembling 
ordinary basalts. Under the microscope the feldspar Is 
seen to be oUgodase, with subordinate orthoclase. 
Olivine is the principal heavy mineral, but iron-ore and 
augite arc present In smail quantity and there is an un« 
usually large proportion of apatite. Marker gives the 
mineralogical composition of a typical mugearite as fol¬ 
lows :—oligoclase, 57^; orthoclase, olivine, ore and 
augite, a6j; apatite, 3^ per cent. These rocks carry so 
much orthoclase that they approach trachyendeslce in 
composition. 

The great majority of olivine-bearing rocks belong to 
the lime-gabbro family. Common varieties of olivioe- 
gabbro, ollvine-noritc and olivlne-dolerite (diabase] Iwld 
ten to fifteen per cent, of olivine along with fifty to sixty 
of labradorite, the remainder consisting, of rhombic or 
monocllnic pyroxene and iron*ore, The olivine has 
generally crystallised early and forms well-shaped or 
slightly rounded crystals which may be enclosed In 
younger crystals of pyroxene. The pyroxene, whether 
rhombic or monoclinic, la usually ophilic towards the 
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feldspar. In some case» Uie olivine* too, i$ moulded on 
feldspar crystals. Harker baa shown io Ihe ease of 
olivine-anorthite rocks that it depends eotirely on the 
relative proporttoos of the two minerals whether olivine 
or anorthite crysulliaes &m. 

Typical examples of olivine^ga^ro, of which good 
descriptions are available* are those of CulJlln Hills, Isle 
of Skye; of the Uzard, Cornwall; of Duluth and Pi^on 
Point, Minnesota; of Sierra Leone, West Africa. 

When the proportion of dark minerals rises to n hig:h 
li^re, the oame pkrite is often given to the rock. 
Pierites with forty to seveni^ve per cant, of olivine have 
been described to Skye. The pkrite of Tabaokulu, South 
Africa, is composed to the extent of one^third to two- 
thirds of well-shaped crystals of oiivioe which are enclosed 
in larger crystals of pyroxene aod feldspar. Both ortbo* 
and clino^roxenes are present, and the feldspar is labm* 
dorite to bytownita. 

Rocka containing only plagiodase and olivine are 
known as troetolite. TiU banded peridodtas of Rum, 
Scotland, a/e composed of anortbire and olivine in all 
proportions from pure oUvicw*rock to pure anorthite- 
rock. 

Olivine-basalts occur abundantly in the $id>engebirge, 
the Eifel and the Auvergne; in Ulster and the Hebrides; 
in the Canary Islands a^ Madeira; in the Sierra Nevada, 
Oregon and Aruona. The oiivine-basalts of Hawaii may 
be taken as representative of the group. These lavas, 
although they are foosdy described u basalts, actually 
differ a good deal among themselves, some being free 
from olivine and others containing m^odase, nepheline 
or melilite. Tbe plagloelase ranges from albite to 
bytownite, but'it is mostly labndorite or andesine and 
often has nearly tbe composition The rocks 

arc generally dark In colwr and microcrystalllne to 
glassy in texture; many varieties are porphyritic, some 
having insets of labra^ite but the majority insets of 
olrrine and augite. The oliviM crystels ere occasionally 
more than a centimetre in diameter. The groundmass is 
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compoMd of plagioclase, aufite and magnetite, often ub- 
accompanied by olivine, but those rocks that have insets 
of plagioclase may have some olivine io the groundmass. 
Sometimes there is no mote olivine than can be accounted 
'for by the Bowen-Andersen effect. 

Basalts carrying an unusually large proportion of oil* 
vine are called clirysophyre or picrltsbasalt. Cross 
describes a chrysopliyre of the island of Oahu, In the 
Hawaiian group, whicli is composed to the extent of 
nearly two*tlitrda of oUvlnc. Bliombic pyroxene also 
appears among the Insets in this rock, but tlie ground- 
mass contains only augite, plagioclase and magnetite. 
It appears to be a common feature of Hawaiian lavaa 
that more olivine is present in the rock than in the norm, 
calculated from analysis. This indicates thnt some free 
silica must be present In the groundmass. 

T»i» HynaM SLAVIC DtvistOH. 

{Piri^oUtes, dunites, rueithta-lresahs.) 

Tlie most general name for n rock composed to the 
extent of ninety per cent, or more of heavy minerals, In¬ 
cluding olivine, is peridetite. The minerals associated 
witli the olivine are various pyroxenes, hornblende, blotite 
and Iron-ores. When olivine itself makes up nearly the 
whole of the rock the name dunite (derived from Dun 
Mtn. In New Zealand] Is used. Some hypermelanic rocks 
are rich in lime and carry melanlte or melllite Instead of 
olivine, but these are extremely rare rocks. There ere 
no effusive rocks properly corresponding to the peridotites 
nnd rlunitcs, but the rare meliUte-basalts approach this 
composition. 

Komblende-rich perldotite Is not uncommon on a small 
scale: some such rocks carry only hornblende, olivine and 
a little magnetite. A dark mica (biotite or phlogo- 
pite) may be present along with the hornblende, and so 
there is a transition to the mica*rlch peridotites or kim¬ 
berlites. The commonest type of peridotite Is one which 
carries hypersthene and olivine; Ic Is known by the 
varietal name of harzburgite. 
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The dunite of New Zealand is aJmost t pure olivine* 
rock little grains of chrwte and scanty cryataJs oi 
diopside being the only other constituenu. In most 
du rules tbe olivine is (he coounoA magnesian variety, but 
in the easiern Transvaal there are pipes of a dark brown, 
very heavy dunite composed of olivine In which tlie 
forseerite and fayalite molecules are present In roughly 
equal quaniiiy- The only other minerals are a With 
hornblende, diopside and ore, with oative platinum as on 
interesting but exuemely scanty accessory constitucni. 

MelUite*basa]ts are fine-grained, very dark coloured 
rocks which may carry little Insets of olivine or sometimes 
large scales of biotite. The groundmass consists of tiny 
laths of meliliie, scales of mka, grains of augite and 
ilmeDite, minute octahedrons of perovskite and usually 
some calcite and interstitial glass. 

Kimberlite, the matrix of all African diamonds, is n 
highly serpentinised rock conuining usually n great, 
deal of phbgopite together with residual i^ains of 
unierpeniiaiaed olivine and fragments of ilmcnlte, pyro* 
xene sod garnet (pyrope). 

In many respects kimberiite resembles melilitC'b&ssli, 
of which it may be a serpcntinlsed variety. 
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CHAPTER VIII. 


ERUPTIVE ROCKS--THE UNDER¬ 
SATURATED CLASS 

(rRLDdPATKOIDAL GrOUIP). 

In rhe^e rcclcs the piece of el kail-feldspar la partly or 
wholly lakcnby fcldspaihoids—ncphellne, leu el to, aodalire* 
haUyne, nose&n, cancrinite or analclme. In extreme 
cases no feldspar is present at all, but in the commoner 
foysites and phonolitcs an alkali-feldspar makes up fifty 
to seventy per cent, of the rock and feldspatholds twenty 
to thirty per cent. 

In Zirkcl's system, rocks with alkali-feldspar and 
fcldspathokd formed Clan HI.; the deep-seated varieties 
^vc^e called cleoUte- (or ocphcline*) syenite and the lavas 
phonoUte. Rocks with plafioclase and feldspathoid con¬ 
stituted Class V, the deep-seated forms bcinp called 
thcruUth and the lavas either tephrlte or basanite accord- 
\ng to the abMncc or presence of olivine. In Class VI 
Zirkel put the Ijolltes, nephelinltes and other rocks which 
contain feldspai^olds without any feldspar. 

Rosenbusch spread the feldspatholda) rocks over four 
families : the family of nepheUnO' and leucite-syenltes;; 
the family of sl>onkinites and theralites; the family of 
missourites and fer^usites; and the family of ijoUtes and 
beklnkinites; and io addition he admitted rocks contain¬ 
ing small or moderate quantities of feldspatholds Into two 
other families—the syenites and the esievites. Many of 
Rosanbusch*s alkali-syenites contain nepheline or sodt- 
lite; indeed sodalite-syenite and analeimc-syenite are 
treated as definite varieties of syenite. Nephellne-mon- 
sonite and leuclte-monzonke are also described among 
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the syenites instead of anoag tbe nepheline- and Icucite- 
syenites. SimUarly the descripHoA of the trtchytes in¬ 
cludes that of many sodalite, nepheline and leucite-bear- 
ing varieties. So iacoosistent was Rosenbusch’s treat- 
meot of this group of rocks that he created a subdivision 
of {^locohtic trachytes" or trachytes conuining fold- 
spslhoids, and another of “trachylic phonoUtc*" or 
phoBoiitet bolding littk or no feldspatboid. Tho cssexiio 
family, too, is defined in such a way that ils members 
may either hold fcldspaihoida or not. 

Most writers have followed Rosenbuscit's lend; thus 
Iddinga describes syenites and tracliyies which hold amall 
quantities of nepbelinc; and Harker de«ril^ trachytes 
containing ncpheline and sodaliia. In mincraln- 

glcal system, the order of syenitic rocks may hold either 
quartz or feldspatboid. la former editions of Hatch's 
work the same laxity was permitted, but in tlie Inter 
editions the undersaturated rocks are definitely separ¬ 
ated from the others. Even in the Norm classiftca- 
tion one finds that the fifth order of the classes D^ane 
and Salfemane receives rocks which may hold cillier a 
little quartz or a little feldspatboid—usually less than ten 
per cetit. of either, but sometimes more. 

In the system of the present writer, as already ex¬ 
plained, the presence of any proportion of feldspathoid, 
however small, b enough to bring the rock Into the under, 
saturated class. The subdiviMn ol the feldspatholdal 
group of rocks proceeds on similar lines to those followed 
in the earlier classes, with the exceptioo that, in view of 
the possibUtiy that some w all erf tbe orthoclase may be 
replaced by leucite, the usual ratio of orthoclase to 
anorthite (Or: Aa) is replaced by the ratio of orthoclase 
plus leucite to anorthite (Or + Lc: An). Tbe scheme la 
as follows 

Group I. Or+Lc>An. (a> Leucite present 

(b) Leucite absent 
Group XI. Or ^ Lc<An. (a) L eucite present 

(b) Leucite absent 
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Further steps in subdivision take account of the propor¬ 
tion of feldspathoid to feldspar and the colour index (pro¬ 
portion of heavy minerals) of the rock. 

The name foyalte, orig^inally applied to the nephelioe- 
syenite of Foya, Portugal* was extended by Rosenbusch 
to all nepheline-ayenites with trachytlc texture. It is 
used bore as a general term for all nephelin^syenltes. 

GeOtOOtCAt OCCURBSKCB. 

With only four striking exceptions, feldspatholdal 
rocks occur in quite small bodies. The Kola Peninsula, 
III nortit RuKsin, has perhaps (he largest body of nepheline 
rocks, with nn area of more than six hundred square 
milea. The mani^if of Itatlaya m Brnail Is almost equally 
large but is not yet known In detail. PUansberg 
{Pilaan’a Mountain) in the western Transvaal holds nearly 
two liuiidred square miles of such rocks; and In the south 
of Greenland two separate bodies of at least fifty square 
miles each are known. The Xola and Pilansberg masses 
ore interpreted as laccoliths; the structure of the Green¬ 
land massM Is not properly known, Most of the other 
occurrences in the world are small stocks, dykes, sills and 
volcanic plugs, or else they are marginal facies of granite 
masses. Feldspaihoidal lavas are uncommon and their 
bulk is Insignificant compared to that of rhyolites and 
basalts, but they have a considerable local Importance. 
For instance, in the Roman and Vesuvian regions of 
Italy, leudte- and nepheline-bearlng lavas are the com¬ 
monest of rocks; and they have a comparatively large 
local development in the west of Germany, in East Africa, 
In Java, and In Wyoming and South Dakota. 

Considering the comparative rarity of feldspatholdal 
rocks, and their small bulk, one is driven to conclude that 
these rocks have been formed under special conditions 
from magmas of more usual coraposUlon- Many bodies 
of nepheline rocks pass over quite gradually into syenite 
and sometimes Into granite. R. A Daly dr^v 
attention to the very common association of nepheline 
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rocks with thick limestone fomatims, and suf^stcd 
that the nephellne may have beeo produced in conse* 
quence of a process of destlicatioo of basaltic or granitic 
magma by reaction with limestone. There is a great deal 
of field evidence whit^ seems to support Daly's 
hypothesis. The most striking illustration of the granite* 
foyaite-Umestone auociadon is in the districts of Mali- 
burton and Bancroft in Ooiario, where the immensely 
thick limestone of the Grenville series has been invaded 
by granitic magma, and Ybe schistose members of the 
same series have been impregnated with nephcline, or cut 
by coarse-grained nepheline pegmatites.. Other well- 
known examples of the same aaaociation are found at 
Aln 5 , Sweden; the Pen district. N^wey; Iron Hill, 
C^orado; and ia the district of Sekukuniland. Transvaal. 

If ne^eline can be formed by reaction between 
magma and iimestone, so wthout doubt can the other 
feldspathoida. Sodaltte, haOyne, oosean and cancrinite 
are formed by the addition of a chloride, sulphate or 
carbonate radicle to the molecule of neph^ine. In the 
case of leucite, there is direct evidence in at least one 
instance of its formation by the intervention of limestone. 
H. A. Brouwer has found blocks of limestone in the 
cone of the andesitic volcano Merapi, in Java, which are 
cut by veins of leucite-pbonolite. 

The interesting problem of the origw of feldspathoidal 
rocks is discussed at length ia various papers to which 
references are given at the end of the chapter. 


MlNSKAtOOV AITD TtXTVKB. 

Among eucrystalline rocks the principal feldspathoid is 
nephellne. When the proportioo of nepheline is small the 
mineral crystallises late and occuf:^ the interstices be¬ 
tween the ieldsper cryatals, and then it Is difficult to 
detect it without the use of add. When abundant, 
nephellne usually crystallises early, and little crystals of 
nepheline and sodalite are often enclosed in feldspar 
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tables in such number as to give a mottled appear¬ 
ance CO the cleavage surfaces of the feldspar. In some 
dyke^foyaites and phonolites the insets of nepbeline are 
as large and conspicuous as those of feldspari and if 
both have the same fiesh*colour the former may be over¬ 
looked. When nepheline Is present in any quantity in a 
rock, the first indication that one gets of its presence is 
generally the appearance of little polygonal pits on the 
weathered surface of the rock. Iniergrowths of ortho- 
clase find nephellne, rcacmbling the micropegmatite of 
ocid rocks, have been observed In some foyaites. 

Leucite is almost entirely restricted to lavas and fine* 
grained dyke-rocks; the rock called misaourite, which 
occurs in limited amount in the Highwood Mts. of Mon¬ 
tana, is one of the few cvamplcs of an cucrystnillne rock 
containing unaltered leucite. In moat cates leucite is a 
mineral ^ early crystallization. It has been observed 
during eruptions of Vesuvius that leucite crystals are pre¬ 
sent in the lava before it has ceased to flow; and when a 
lava consisting portly of leucite crystals and partly of 
glass ifl finalyacdj it generally appears that the crop of 
leucite crystals actually present represents nearly the 
whole theoretical yield. Bui in some of the very remark¬ 
able glassy lavaa of the Leucite Hills In Wyoming, the 
visible crystals are of diopside and mica and the leucite 
is retained in the glass. Leucite crystals sometimes 
transform Into aggregates of orthoclaso and nepheUne or 
zeolites—the so-called psaudo-leucite—which reuin the 
trapezohedral form of the original crystals. Such pseudo 
morphs have been found in many foyaitic and phonoUtic 
rocks, but It Is not always certain that the original mineral 
waa leucite. In some cases It is more likely to have been 
analcime, which crystallizes in the same form as leucite. 

Sodalile is present in many foyaites and phonolites, 
and on occasion it may exceed nephellne in quantity. 
When of early crystallization It forms little rhombic 
dodecahedrons; when late, it forms very irregular, 
branching areas that look like amoebse, within larger 
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pieces of feldspar or nephelJae, or wi(hin (be ground- 
mass of the rock, wbicb it seems to be in the act of 
replacing:. Scdalite possesses la a high degree the in* 
(erestiog property of fluorescence; when a rock contain¬ 
ing sodalite is exposed to ultra-vioiet radistios in a dark 
room, the sodalite grains glow inch a beautiful golden 
yellow light HaDyne and nosean^ which are near rela* 
tions of sodalite, erystaUite early and are practically 
confined to volcanic rocks. 

Cancrinite is found especially in foyaitic rocks which 
cut limestone, a condition of its formation being a high 
concentration of carbon dioxide in the system. Sotni' 
cancrinite crystnUiaes early end may be enclosed In fold* 
spar, but much of It is a product of auio-meumorpblsm, 
having been formed at the expense of nephtiine at a late 
stage in the coolirtg of the magma. The nepheline 
crystals in these rocks may be reduced to rounded frag* 
ments which are completely enveloped by brightly polaris¬ 
ing cancrinite. It is important to distinguish iMtwcon 
cancrinite and (he secondary, scaly mica which is some¬ 
times formed from nepheline. In spite of a superficial 
resemblance due to their pale colour and high birefrln- 
geoce, the two products are very easily distinguished by 
the low refractive index of cancrinite and its complete 
solubility in acids, with effervescence. 

Analctme is perhaps comcnoner than is generally sup¬ 
posed, but it is not always easy to decide whether It is 
of primary or secondary origin. Some rare kinds of lava 
carry quite large insets of analcime^in rocks of south 
Greenland these have been found up to twelve centimetres 
in diameter—and no adequate reason has been given for 
supposing that they are not primary. The blairmorlte of 
Albtfta is a porpbyritic leva which carries over seventy 
per cent, of analdme. H. S. Washington has shown that 
crystals of analdme have sometiiDes been mistakenly 
described as leucite. On the other band^ analcime is a 
possible* alteration-product of either nepheline or feldspar, 
and when it occurs intersdtially in deep.seated rocks it 
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may be due to aut^metamorphism. Even leucite can 
transform into anaJcime when it is exposed to the action 
of aoda'bearing' solutions, and some writers have assumed 
(hat the anaJcime cryst^s described above are pseudo* 
morphs after leucite. Before this conclusion is accepted, 
it should rest on something better than assumption. 

In no instance has quarts ever been demonstrated in 
an unaltered oepheline-b^rln^ rock, except in the form of 
foreign grains which have been picked up by the moving 
magma. Many cases of this kind have been recorded, 
and it is generally observed that there has been reaction 
between the quartz grains and the magma, leading to the 
production of a soda-felsper or a zeolite. Leucite, too, is 
incompatible with quartz under ordinary conditions, but 
it has been shown that leucite and silica can coexist (in 
the crucible) above nyo^ C. If a potash-rich magma 
begftn to crystallize at some sucli temperature ns this, and 
were then chilled rapidly, we might expect to get a rock 
consisting of leucite crystali In e highly siliceous glass 
base. Such lavas have actually been described in 
Wyoming end in the Roman region, end more recently 
in Western Australia. 

Any kind of fekispar may accompany nephellne or 
leucite, but on the whole nephellne Is more commonly 
found togctlier with en alkali •feldspar, and leucite with a 
calcic plagioclase ranging from labradorite to snort hire. 
Among the nephellne rocke one meets every possible 
variety of Blkali-feldspar, from mlcrocline and orthoclase 
through aoda^orthoclasc and every kind of perthitic inter- 
growth tv pure albite. Frequently the crystals of soda- 
orthoclase or microperthite are surrounded by mantles of 
albite. Some curious foyaites of the Transvaal carry 
large insets of highly potssslc mlcrocline in e groundmass 
which contains only soda feldspar. 

Among the dark minerals of feldspathcuda] rocks, by 
far the commonest is a pyroxene’ranging In composition 
from diop^de (or hedenl^gite) to segirlne. Intermediate 
members of this series are often described as ** taglrine- 
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3ugite," but acmite-diopside ©r sodt-dw^de is better 
description «DCe the cnideral U typically oon*aJuinioous, 
The crystals are coounooly soaed, with diopsidic cores and 
»^irine-rich mantles. The cores of these crystals began 
their crysialliaation early, but the legirbe of the mantles 
formed so late that it is roouldcd on feldspar and nephe- 
line, or it may be crowded with little enclosures of these 
minerals. Soda-ampkuboles (arfvedsooite, riebeckite ^(1 
others of doubtful composUku aud variable properties) 
are much leas oonuami than soda-pyroxenes, but are 
sometimes formed by transformation of the latter. Thev 
arc always of late grovnh and form spongy masses 
among the other minerals. Common augite or tUun* 
augite and de^ brown hornblende are found es^Mcially in 
the plagioclase-beariog rocks, and io these oUvirie end 
melilite frequently make their appearance too. Lime- 
ferric garnets (melanite, sd^ortoaite) are not uncommon, 
more especially when the rock is intrusive in limestone^ 
and minerals rich jo titaniuoi, sirconium and other rare 
metals have a surprisingly largo development in fcld- 
spathoidal rocks. Sphene forms prominent wedges, and 
sometimes skeletal plates whkh enclose crystals of feld¬ 
spar, nephellne, etc. AstrophyUite^ eudiaJyte, ssnigmatlte 
are also filled with enclosurea, and even eiroon may 
cryitalliae after feldspar and nepbeline. Pectolitc 
HKaCa,(SiO,), is an interesting accessory mineral in 
some nepheline rocks; it Indicates tbe presence of sodium 
metaailicate in the magma. 

Biotite is often present in minor quantity in nepheline 
rocks. It is an iroa-rkb variety (lepidomelane), either 
green or very dark brown in colour. While mica is not 
usually seen In these rocks, but both muscovite and corun¬ 
dum are present.in foyaites in Ontario. Tourmaline has 
seldom been recorded. 

The texture of the eucrystalUne feldapatboidal rocks is 
sometimes granitic, but much more frequently parallel or 
trachytic, the feldspar OTSials having a pronounced tabu¬ 
lar habit and lying in more ot less parallel position. Wbeo 
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the dark minerals are developed in needles, as fceirinc 
often IS, Cbeo the texture of the rock may be positively 
schistose, the rock having all the appearance of a horn¬ 
blende-schist. To such schistose segirine-foyaites, which 
are weU-developed at Lujaur-Urt in the Kola Peninsula 
the name Iiijaurite has been given. Another textural 
peculiarity of many foyaitea is that the dark minerals— 
especially those rich in soda—crystallise so late as to form 
spongy masses which are crowded with 11 (He enclosures 
of feldspar, ncphelinc, etc. This is the so-called poikilltic 
texture. In some foyaiics every mineral present except 
nepheline presents this character. 

Rocks comtainino lbuciti, 

The best known example of an cucryatalllne rock 
containing unalteroil Icucite is the misseurite of the 
Highwood Mts., Montana. This is a coarse-grained, 
raelanocratic rock of dark green colour spotted with 
white. The principal constituent is dlopslde, which 
forms fifty per cent, of the rock. Other dark minerals 
are ohvinc, blotiie and iron ore, forming a qiiArtcr of 
the rock- Leucile, together with some zeolites formed 
by Its alteration, makes up the remaining quarter. 
It Is partly intergrown with diopsida and partly inter- 
slltial, having obviously been almost the last substance to 
crystallise. In a more leucocratic rock from the seme 
district, which has been named fergusile, the leudte has 
crystallized early and shows its trapeaohedral form; but 
in this case the leucite substance has transformed entirely 
into pseudeleucite, consisting of grains of nepheline and 
laths of orthoclase. Between the pseudomorphs the rock 
consists of dlopslde, olivine and a little biotite, with 
apatite and iron ores. In a third rock from the same 
region leucite has been found partly in the fresh state and 
partly in the form of pseudoleucite. 

A porphyritic rock found at Magnet Cove, Arkansu, 
holds large trapazobedral pseudomorphs similar to those 
mentioned above, in a groundmass of nepheline, ortho- 
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cUse, sodJi-pyrQX«ne$, mriaiiite and bioilte. While it » 
likely that these pseudoowrphs are actually pseudoleucite, 
it should not be forfotten that in the Wairmonte of 
Alberta, which i» a rode of veiy simUar composition, ihe 
trapeaohedfal crystals are aoalcune, not Icudte. Another 
rock which contains rounded to angular bodies which 
have been r^arded as pseudomorpba after leucite is the 
borolaoite of Loch Berolan in north Scotland. This is a 
dark cobured rock rich in melaoite, holding white patches 
composed of orthodase and zedites. When the wrUer 
first studied this rtck in the laboratory he thought that 
the white spots were pseudoleudte: but w subsequeotly 
examining the rode in ibc field he was led to conclude 
that the leucite theory was untenable^ and that the rocks 
had been aggregates of orthodase and nepheline in the 
beginning. Whatever the truth may be, it is dear thai 
in all such cases there are other possibUities besides the 
pseudoleucite one. 

Leucite-bearing lavas are generally described a* 
leucite'phoDoIite when they contain orthodase; Icudtc- 
tet^rice when plagioclase; and kudtite vlten no fcldiipjir 
is present. If olivine *s present in addition to leudtc, then 
the nlimes leucite-basanite (with plagioclsK) and leucite* 
basalt (without feldspar) are used; but the British Petro¬ 
graphic Nomenclature Conunittce recommended in 
that these names should be rc^aced by olivine-iephrite 
and olivine-leucitiic. The (eucitc-phonolites are pale- 
coloured rocks of Irachytic appearance, consisting of 
orthodase or soda-orthodase, nepheline and leudtc, 
(sometimes with sodalite, nosesn or baOyne, the dark 
minerals being typically soda-diopside and segiriiic. 
Melanite is not uncommooly present too- The leucite 
crystals in these rocks are an^ar to rounded but never 
interstitial. 

The italite of the Alban Hills, near Rome, is an ex¬ 
ceptional variety of leucidte which carries about ninety 
per cent, of leucite, with just a little soda-diop»de, 
mdanite, bkdte and glassy base. It is not reaUy an 
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independent rock, but probably Juat the result of a local 
accumulation of leucite crystals, and a special name Is 
hardly deserved. Such an accumulation of crystals, in 
the upper part of a dyke, has been observed In the Hi^b- 
wood Mts. of Montana. 

Leucititei and leucite^tephrites are mostly dark ^rey 
in colour, holding between twenty and fifty per cent, of 
dork minerals and fifteen to thirty of basic plafioclase 
(labradorite to anorthite). As in all rooks that carry 
much pisg’ioclase, the pyroxene is a greenish or brownish 
augite like that of basalts. Brown hornblende is not com¬ 
mon, but olivine is often present and melilite in some 
cases. When the proportion of dark minerals rises 
greatly, the crysiallisnlion of leucite seems to be delayed. 
We have seen that in missourlce, which consists to the 
extent of about three-quarters of dark minerals, the 
leucite crystallised late, partly filling t)io Interstices 
between the ether minerals. So In the rock called 
madupite, from the Leucite Hills of Wyoming, there are 
insets of diopslde and phlogopite in a base of leucice- 
glass. Analysis of this rock shows its potential composi¬ 
tion to be as follows :—diopslde 46, phlogopite 19, leucite 
ao, nosean 6, accessory 8 per cent.; the rock is therefore 
the glassy form of a melanocratic leucltlte. 

Rocks not contain!no lsucitb. 

The old name for an eucrystall)ne nephelin^orthoclase 
rock is elieolite- (or nephellne-) syenite; but as the nephe* 
line rocks are actually commoner than the true syenites, 
and It Is absurd to treat the commoner rock as a variety 
of the less common one, the writer prefers to use the 
name foyaite (from Foya In Portugal where one of the 
earliest discoveries of a nepheline rock was made) as a 
generic name for all such rocks. 

Far too many specific names have been coined for 
foyaitic rocks. The only ones that need be mentioned 
here are malignitc, a mesotype foyaite; Ijolite, a rock in 

9 
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whjch nepheline has «nUrdy displaced feldspar; and 
jacupiraogl(e, a mdaaocratic foyaite or ijolite. For 
foyaitic lavas two names are sufficient — phonolite for 
those tJiat contain ortboclase, and neiri)e]ioite for those 
without any feldspar. The nepbtiine-plagioclase rockn 
have iheir own crop of aames» of which theralite (for 
eucryst^line rocks) and i^irite (fw lavas) are the 
established. 

Most foyaitic rocks are ^erolkniiiu, having’ soda>diop' 
side or legtrine, less frequently a soda*hornbleode, as their 
dark RimeraJa Melanite is comoMm near limestone con* 
tacts, and eudialyte, astropfayllitc, pectolite and other 
soda*rich minerals are much conunoner than they are in 
any other class of rock. The fckl^r is almost always 
some kind of microperthhe. usually with some free albitc 
in addition. The composition of foyaite often falls 
between the following limits alkali-feldspar 50 to 65; 
nephellne so to 30; sodaUte a to 5; pyroaene, etc., to to 
so per cent, The foyaites of ^ra da Monchique and 
Cevsdaes, lo Portugal; of AInd, Sweden; of Ilimautak, 
Greenland; of Magnet Cove, Arkansas; of Pilansberg, 
Pranspoort, and Leeuwkraai, South Africa; and of 
Granitberg, South-West Africa, are some of the major 
occurrences that fall within these limits of composition. 

Among foyaiiea with a larger proportion of dark 
minerals, the Lujaur type it specially worthy of mention. 
The name lujaurite was given to rocks of Lujaur-Urt, in 
the Kola Peninsula, which are characterixed by an 
abundance of needles of sgirine in parallel position, giv¬ 
ing the rock the appearance and texture of a schist. 
Eudialyte aad other rare orinerals are also present in seme 
quantity lo these rocks. Rocks identical in every respect 
with those of Lujaur»Urt were later discovered is Green¬ 
land and afterwards in the Transvaal; and in all three 
localities the lujaurite builds such large masses that it 
must actually be considered one of the commoner varieties 
of foyaite. The paralleTism o( tbe a^rioe needles may be 
a consequence of crystallixaGon under unequal, jM^asure, 
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but U not clear why jegirine should at the same time 
?>e more abundant than It is In normal foyaitea. 

Of rocks in which oepheline is very abundant, the 
ijoHtc' type (named from a locality in Finland) is interest¬ 
ing. These rocks consist essentially of nepheline and a 
sodic pyroxene, with accessory minerals sucli as cancrinite 
and melinite, sphenc and apatite. Such rocks have 
definitely been formed in some cases (and probably jn all) 
from ft more normal foyaldc magma by nasimilailon of 
Hmcstoiic. Beautiful examples oC this type of rock arc 
known at Magnet Cove, Arkanaas; the Fen district, 
Norway; Kuusamo, Finland; and Sckukuniland, Trans¬ 
vaal, 

Foyaltes of perafumfnous type have been found especi¬ 
ally In Canada. In tliesc rocks the feldspar Is mainly 
ftlblie; a dark brown mica (Icpldomelane) is the principal 
dark mineral, and corundum and muscovite are often pre¬ 
sent in addition. Similar rocks occur at Miask, in the 
Urftl Mts, Mslaluminous foyaltes, carrying common 
hornblende and diopaide Instead of soda-rich varieties, 
are also known but they are uncommon. The borolanite 
of Scotland is remarkable for its high content of melanite 
which mnk« up fully a quarter of the rock. The feld- 
spathoids of this rock are altered into zeolites. 

The eucrystallinenepheline-plagloclase rocks (Or<An} 
are known as therallte and cssexite, two names that have 
never been clearly distinguished from each other. The 
original essexite, which takes its name from Essex 
County, MassscBusetts, has been shown to be a product 
of contact metamorphism, so we prefer to use therallte as 
a general name for this group. The typical therallte of 
DMppau, Bohemia, contains a rather calcic feldspar to¬ 
gether with interstitial nepheline and orthoclase; the 
abundant dark minerals are purple augite and brown horn- 
blende, sometimes with the edition of olivine. These 
rocks may be described as nepheline-bearing dolerites. 
Some theralites carry a little interstitial analclme and 
• PtoaouAc* ryt-yc-hit. 
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foim between tberaUte and an aiding 

dolente. None of tbeae rocks bas any quantitative im* 
portance. 

Of the effusiM rocks, tbe phooolites are pale to 
dark ^ey rocks of (rachytic to basaltic appearance, 
accordinf to the proportion of dark minerals. They often 
carry insets of feldspar, kss c^nmonly some of nc/^te1ine. 
The ^roundmass is fine^alned and consists of feldspar 
laths, short he«f«pnal prisms of nepheltne which 
four- and six^ed sections, and needles of o'ts'irine or 
ftoda-diopside. Sodalile, habyne and nosean are often 
present In small quantity, and melaoite is aometirnes 
seen. Good examples of pboodite are known in the Eifel 
and Kaiseratuhl distriett of Germany, the Uittel^birfp: 
of Bohemia, the Roman re^n of Italy, cl>e Great Rift 
Valley of Africa, and the Apache Mts. of Texas. 

Tins’uaite ia t variety of phonolite which holds so 
much a^irine in the form of minute needles that the rock 
has a greenish colour. It corresponds to the lujaurite 
type among the more deep*seated rocks. These rocks 
take their name from the Serra de Tingua in Brasil. 
They occur also in Montana, Texas and Arkansas, and on 
a large scale as dykes and sheets in Pilansberg, 
Transvaal. 

The nephelinites are dark grey, basaltic-looking rocks 
* in which nepheline is confined to the groundmass and 
often difficult to find without stuning. The chief dark 
mineral is augite, not ssgirine, and olivine and mellUtc are 
often present too. The nephelinite of the KataenbOckel 
i^ olivine*free; it has ia^e ciTstab of augite and some of 
noseao in agrouadmass of augite grains, nepheline, and 
« little feldspar. Nephelinites of tbe Auvergne and the 
Bohemian Mittelgebtrge are also <riivine-free; those of 
the Kaiserstuhl, the Eifel, and the Bearpaw Mts. of 
Montana are olivine-nepheliaite or nephelioe-basalt. 

Nepbeline-tephrites and basaoites are plagioclase-bear- 
ing lavas of bosaltic appearance, the former without and 
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the Utter with olivine. Rocks of this type are known in 
the Canary Islands, In the BJkhcad Mts. of Colorado, and 
near Dunlin, New Zealand. 
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CHAPTER IX. 

SEDIMENTARY ROCKS. 

(l) SlOtUtNTARy tiOCKS IX Till PIBLO. 

The ch4U‘fteter by whicb e eedjmenury rock is immo 
diitely recog^used in the field is iU irreq.'cmcnt h\ liyers 
which we caU beds or streu, or if they are very thln» 
laminiD. Soroe very coflrse-graioed deposits are nlraosl 
unstratified. but traces of a rude beddings are seldom en¬ 
tirely absent. The strong:er beds are coniRiooly from an 
inch or two up lo several fed in thickness, and they are 
separated by bedding’-plaives which open easily to the tap 
of the hammer; indeed, the more strongly marked bed- 
<ling-plancs often gape at Uie outcrop. Delwcen 
the stronger bedding-planes there are generally many 
other surfaces of poor cohesion along which the rock can 
be split into thin sheets which, in a very fine-grained rock, 
may be as thin as sheets of paper. These are the laminis, 
which bear the same relation to the beds as the pages do 
to the volumes on a library shelf. 

The presence of a strong beddlog-plane generally 
marks a slight ioterruptloa in the deposition of the sedi¬ 
ment, during which the surface was smoothed off and the 
grains packed closely together, while a thin skin of the 
smallest grains formed oo top. The stronger beds of a 
sandstone series are often separated by thin partings of 
day. This feature may be obscured, io a natural out¬ 
crop, by the washing out of the clay paitides, but lo an 
artificial cutting the partings will be clearly seen. In- 





SEDIMENTARY ROCKS jji 

Stead of a clay film there may be one of tiny tnica scales, 
all lying in parallel position. The bedding*planes of a 
sandatooe often glitter brightly to sunshine owiogto such 
a film of mica acaJes. All such interruptions and changes 
of texture cause the rocks to split easily along the bed- 
ding-planes, either naturally, inconsequence of change of 
temperature, or else under the hammer. 

The lamination of fine-grained rocks may result from 
the alternation of mere granular with more colloidal layers, 
or from the parallelism of fiat grains and scales^ or It may 
be a consequence of movement under compression. The 
very perfect cleavage that Is shown by true slates is a 
consequence of the tremendous pressure developed during 
mountain-building movements, when plastic Aow Is set up 
in the soft ruck at n high angle to the direction of 
pressure. The cleavage of the slate is superimposed 
upon the lamination of the original shale, and traces of 
the lamination may still be detected as wavy bands of 
slightly different colour running across the cleavage faces 
of the slate. 

The bedding of sedimentary rocks is sometimes simu¬ 
lated by the flow-bonds of a lava sheet, and the parallel 
texture of a gneissic granite is very similar to the lamina¬ 
tion of a sandstone; but a confusion of these structures is 
hardly possible except to a complete novice. Many 
highly metamorphic rocks are composed Of parallel bands 
of darker and lighter colour, which from a distance look 
exactly like the beds of a sedimentary formation. Such 
rocks have in fact been formed by the metamorphism of 
sedimentary beds, or by the injection of jheets of granite 
along the bedding-planes of a sedimentary series, so the 
structure has a s^lmentary origin in any case. 

Many sandstones and banded shales show a type of 
lamination that is clearly due to rapid alternations of 
coarser and finer material. There may be, for instance, 
a succession of coarse saod, fine sand and sandy day, in 
bands only a few millimetres thick, repeated with great 
regularity through a formation many feet or yards in 
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Ibickness. There i$ little doubt that thU type of lamioa- 
tioo Of “ graded bedding " prescrres a rec*^ of scaaooal 
chaogca during the accumulatioft of the deposit ; either 
changes in the directioo of ocean curfcnls in response to 
seasonal changes of wind-dirertiOT, or else alternations of 
wet and dry or warm and coW seasons. It is possible in 
such a case by counting the number of repetitions in a 
given thickness of rock, to find the time required for tht 
accumulation of the whole formation, Just as one finds the 
age of a tree by counting the annual rings. The most 
perfect examples of rhythmic lamination a/e formed under 
glacial waters. 

Lamination is generally parallel to bedding, but in the 
case of current-bedding (false-bedding) the lam in is may 
be Inclined as much at twenty Of thirty degrees to the 
stronger dividing-planes, and the lamioie may have dif¬ 
ferent inclinations in different beds. This condition nriscs 
when a sandbank (under water) or a sand-dune (on land) 
travels forward with a current of water or of air. Grains 
of sand are carried over the top of the benk and dropped 
down the face, to settle on the sloping front, The 
lamina, which are the real planes of accumulation, are 
therefore inclined to the borisontal, and what we csll the 
bedding-planes of the sandstone are intervals of inter¬ 
rupted accumulation during which the upper edges of the 
lamina were planed down by the current before the next 
layer was deposited, The presence of current-bedding is 
a sure indication of sbailow-water or tab-aerial conditions 
of deposition, 

to addition tp plaoes of bedding and of lamination, 
sedimenury roclu are cut by Joints just as igneous rocks 
are. There are generally two but sometimes three or 
more directions of |(Hntiog, which may be either perpen¬ 
dicular or inclined to the bedding-planes. In Ultcd beds 
which are strongly jointed but free from lamination, it 
may be quite difficult to distinguish Jc^ts from bedding- 
plana, especially when the exposure is a small one such 
as a shallow prospecting pit or adit. 
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The stronger bedding-planes of sandstone are often 
crossed by rlpple-tnarks or systems of parallel ridges and 
furrows exactly similar to chose seen on the seashore or 
on a sandy river-bed. In most cases the wave-length, or 
the distance from one ridge to the nexc, is only a few 
centimetres; but beneath a rapid current ridges may be 
formed at intervals of several feet. Either air-currents 
or water-currents may produce ripples on loose sediment; 
and even the passage of waves across the surface of a 
stationary sheet of water sets up oscillations which are 
transmitted downwards and throw tlie surface of iht 
underlying sand into ripples. The ripples caused by 
oscillation can be distinguished from those caused by cur¬ 
rents by their symmetry; oscillation-ripples having the 
same angle of slope on each side while current-ripples 
have 1 steep slope facing downstream and a gentler slope 
upstream. I'he presence of symmetrical ripples therefore 
indicates the absence of currents. A complex type of 
oscillation may give rise to two or three series of inter¬ 
secting ripples, between which the troughs are reduced 
to little polygonal pits. 

The crests of ripples are normally sharp and the 
troughs rounded, so it is possible by observation of ripple- 
marks to tell whether a strongly tilted sedimentary series 
has been overfclded or not. The same information may 
be gained by studying the succession of the layers in 
cases where there is graded bedding. 

Ripples produced by air-currents on dry sand differ 
in n eharaoteristlc way from those formed by running 
water- If the wave-length, or distance from crest to crest, 
is divided by the amplitude, or height of the crest above 
the trough, the result Is what has been called the " ripple- 
mark Index.** E. M. Kindle claims that water-formed 
ripples have an index of 4 to 10, wind-formed ripples from 
so to 50 or more. Zf this could be established it would 
be a valuable means of learning the conditions under 
which a ripple-marked sediment was laid down, but data 
published by other writers do not always agree with 
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Kiddie's fibres- W. F. Hume found, on s sand dune 
ac lamaUia, wind rip^es with an iodex of ii to 23^ the 
average bein^ 16.6. Ripples left by the receding Nile at 
Sakhara gave the values 18-3 and 17.9 on different days. 

Fine aud. held in suspensioo in fresh water, takes a 
long lime to settle ; but the addition of an electrolyte such 
as common salt hastens the settling process. E- M. 
Kindle has shown experuaentaUy that if particles of dif¬ 
ferent kinds, such as day, chalk and sand, are added 10 
fresh water In a tank, the separation of the different kinds 
of grains ia settling is imperfect. If the same materials 
are added to salt water the separatioA is nearly complete 
and the layers are sharply contrasted. This is held to 
justify the statement that mariae sedimentation tends to 
give sharply contrasted beds, such as pure sands, pure 
shales and pure limestOAes; while sedimentation under 
fresh water gives beds with little contrast, auch as sandy 
shales and argillaceous sandstones, with impure lime¬ 
stones. It is likely, however, that the lack of contrast 
observed in many fresh-water deposits is due to the floc¬ 
culating action of organic coUmds and iron hydroxide on 
suspended sediment. It has been shown that these bodies 
are electro-positive towards the water in which they are 
suspended, while day b electnn^atlve, consequently 
the addition of the foroMr to the latter causes the particles 
to collect t^ather in flocks which sink rapidly and SO 
give rise (0 an ungraded or poorly graded d^sit. The 
presence of cavities or sand-casu having the characteristic 
hopper-shape of salt crystals Is good evidence of deposi¬ 
tion under salt water. 

Deposits formed urtder tropical climatic conditions 
show a ver}’ thorough decomposilion of feldspar and other 
anhydrous silicates, with production of hydroxides and 
hydrous silicates (day-silicates). Vegetable matter is 
often enclosed in such deposits, and this gives them a 
dark colour and prevents the complete oxidation of the 
iron. Pyritic black shales and coal seams are common, 
although it cannot be said that all such rocks were 
necessarily formed under iTopkaJ conditions. 
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Oeeert deposits have some very characteristic features. 
The minerals are very fresh, and ^e grains may be coated 
with thin films of red iron^vide. Sand gc^ns are well 
rounded and polished, but coarser fragments which are 
too heavy to be rolled along by the wind are angular, and 
among the larger pebbles some may show the curious 
* * dreikanter ’ ^ form which Is produced by the action of 
the sand-blast. Sorting is poor, coarser and finer stuff 
being Intermingled to a greater extent than in water* 
formed deposits, and stratification is also poor, although 
falsC'bedding may be well marked. Mud deposits show 
sun*cracks and casts of salt crystals; and the former 
presence of salt-pans may be indicated by beds of rock 
salt or gypsum. 

The material called " loess/’ which covers large areas 
in central Asia and China, is a light dust deposit con¬ 
sisting of fresli find mostly angular grains of feldspar, 
quartSi and other common rock-forming minerals. It is 
poorly stratified, except where it has been rearranged by 
water, and the only fossils found in it are snail shells and 
the roots of plants. Loess is believed to be dust csrried 
by wind from the deserts and deposited on the grasslands, 
where it was trapped and bound together by vegetation. 

{») Till ccMaosJTiOK OP aioiMSNTARv aocKa. 

The units of the coarser sediments are not so much 
mineral grains as lumps of pre-existing rocks, and of these 
it is not necessary to say anything here except that it is 
chiefly the rocks that are most resistant to weathering 
and disintegration that are preserved as boulders in the 
sedimentary deposits. Thus boulders of granite and vein- 
quartz are common; boulders of dolerlte or basalt or any 
other dark*coloaro<l igneous rock are quite uncommon. 

The smaller grains of the sedimentary rocks are frag¬ 
ments of single minerals. These may be arranged at once 
in two classes. Some of them have been derived directly 
from pre-existing rocks without undergoing any chemical 
change; they are crystalline, although they may have lost 
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jJl tfa c? of tbeir crysUUino form. Tbe minerals of die 
other class are secondary products fwmed by the oxida* 
tion, hydration and carbooidM of primsiy silicates; they 
are ^atincus, spongy or fibrous, except when they are 
appreciably soluble in water and have been recrystallized 
from solutioo. Somebody has coined for these two 
classes of products the expressive terms rock flour and 
rock roc. The principal minerals of rock flour are quartz, 
orthodase, soda«ricb plapiocUse^ muscovite^ au^ite and 
liypefithene» hornblende, garoels, loumaline, epidoie, 
magnetite, ilmenite, apatite and aircoo; with many others 
in trivial quantity. The chief minerals of rock rot are the 
clay-silicates, the hydro-micas, the chloKles, glauconite, 
serpencine, limociitei and chakedony; tether with ru- 
crystallistd carisonates (oOdte, aragonite, dolomite, 
liderite), sulphates (gypsum, anhydrite), cblorides (rock 
sale) and sulphides (pyrite, pyrrhoUce and mnreasite). A 
brief account will be ^ven hm of sucli minerals as Imve 
not already been mentioned In this book: 

The cldy-siUcefs/ are hydrous silicates uf ilumiuium, 
frequently containing some magnesium, iron, calcjum, 
kudium or potassium In addition. Tlw study oC these 
minerals formerly presented grenC dlfliculLlcs, for tlK’lr 
inicrOcrystalUnc to coUoldHl diameter is unsukud to 
microscopic study, and die proportions of llw various 
oxides, indkalcd by chemic^ analyds, showed wide 
variation. Since tl» application of X>^ys to the study 
of crystal structure, most of these difficulties have dis¬ 
appeared. By the combtAatJon oi microscopic evidence 
with chemical analysis, thermal analysis, and X*ray data 
it has been possiMe to recognac a few simple species 
whjch form the bulk of moat days. Of these spedoa, 
kaolinite and monimorillorute are the commonest, 
kaolinite being the chief constituent of the chiRa<leys 
and raontmorillooite that of the bentonlHc days. Kaolin¬ 
ite has the simple composition aH,0,A]^0,,2Si0); it 
is formed by the weathering of feldspathic rocks such as 
graoite. MontnorlUonite is the name of a solid-solution 
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scries which bcg-ins with an aluminous member (pyrophyl- 
llte) bpt nearly always contains magnesia and lime In addi¬ 
tion. A typi^l formula is 6 HaO, 2 MgO,sAl, 0 „ 24 SiOj, 
The substitution of ferric oxide for alumina gives non- 
tronito or chloropal. The clays of the montmorillonite 
series arc formed by the weathering of the ferromag- 
nesisn mincrnls in. rocks, and by elteraiion of volcanic 
glass, ashes, and tuff. 

Other dny-silicaics of dcflntto composition, such as 
dicklle and ItalloysUc, seem to be formed by hydrothermal 
notion, not by weathering, and play a ntinor pun in the 
compo.sillon of sedimentary rofl<j. 

Minerals of the eeohVe group were formerly supposctl 
to pJny a larjye port in the composition of clays, but 
modern studies do not support this view. However It 
has been shown that a seulitie mineral may be nn Inter¬ 
mediate product In the formation of montmori!Ionite. 

The hydro-mictu are a group of minutely scaly or 
eryptocryitalUno minersis which are probsbly not dif¬ 
ferent In any essential respect from ordinary muscovite. 
Some of them hold more water and less potash than Is 
indicated by the usual formula of muscovite. The names 
serlcite, margarodite and pinite are used for such 
secondary micas. 

The ehleritis are green minerals with a micaceous 
cleavage; they are hydrous or acid silicates of magnesin, 
ferrous iron and alumina, and they arc formed from the 
biotite and other ferromagnesian minerals of igneous 
rocks. The formula of clinochlore is 4H,0,5(Mg,Fe)0, 
Al|0,,3Si0,. Chamosite is a dilorite In which ferreus 
oxide displaces most of the msgnesia. All chlorites yield 
water on heating, and the vermlcuIaHte variety swells up 
and forms worm-like threads. 

GUiuconiti is a'green, earthy mineral resembling seme 
chlorite. It is a hydrous silicate of aluminium, iron and 
potash, with more or leas magnesia, but analyses differ 
much among themselves owing to the difficulty of obtain¬ 
ing pure material. Glauconite forms rounded grains and 
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ates in many aandstOMS, and also replaces fora- 
minifera and other off aoisms in chalk. It is only found 
in marine sediments ancb as the Greensand of the 
Cretaceous system. 

S»rptrttin4 is another freenish mineral, this time a 
hydrous silicate of mafO»a and iron without any 
alumina. The formula is 3H,0,j(Mf,Fe)0,sSj0a. Ser¬ 
pentine is largely formed from olivine but also from 
hornWende and hypersthene. 

Zifnofljfe la the ultimate decomposition product of oil 
iron compounds. It is a brown, earthy or fibrous matennl 
with the ttmpositioA sFCjOjijH^O. 

DiA9port and gibbsiU are hydroxides of aluminium; 
the former is Al,0,,HjO, the latter Alj0,,3H,O. Beth 
have a scaly habit. 

Chalcedony is a waxy form of silica, having the hard¬ 
ness and dcosity of quarts but a minutely fibrous structure 
which becomes apparent when the nicols are crossed. 
Opal is hydrous silica in the form of a structureless jelly 
or glass. When strongly coloured by iron oxides, both 
chalcedony and pass into the semi-opique form of 
jaiftr. 

CalciU and aragoniU are dimorphous forms of calcium 
carbonate. Both forms occur in sea-shells, but calcite is 
the more stable form under atmospheric conditions, and 
in limestones formed of shells the aragonite soon trans¬ 
forms iato calcite, with an increase of volume. Calcium 
carbonate deposited by hot springs is generally In the 
form of aragonite, wi^ a fibrous habit, tn presence of 
solutions contaioing magoesium chloride calcite slowly 
transforms into dolcmih, CaMg(CO,)^. These two 
minerals resemble each other rather cloeely but can be 
distinguished by treatment with ferric chloride, which 
stains calcite brown, or by Lemberg’s solution (alumloium 
chloride and logwood) which stains calcite but leaves 
dolomite unaffected. S»den*l« (ferrous carbonate) is 
generally indicated by the strong brown colour which it 
develops by oxidation. 
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Among the sulphates. is important. It is the 

compound, CaS0j,aH,0, and it forms highly charac' 
terUtic mouoclinlc crysuls and arrou'-liead twins, with 
perfect cleavage parallel to the second pinacoid. Crystals 
of gypsum time have grown in salt-pans are often rounded 
and buttori'like. As a rock, gypsum occurs in beds with 
a granular to fibrous structure, Anhydrite is the water- 
free form of calcium sulphate; it forms rhombic crystals 
which have three directions of good cleavage intersecting 
ftt right angles. In contact with fresh water anhydrite 
transforms Into gypsum; this involves an increase of 6a 
per cent, in the volume of the mineral. 

f^ocA soil forms thick beds among the deposits of arid 
regions; it is typically associated with anhydrite or gyp¬ 
sum. Skeleton cubes of salt grow in mud and may later 
be leached out, leaving moulds and casts. 

Pyfite (FsSj), pyrrhetite (FCjS,) and marGatite, the 
rhombic modification of iron sulphide, form nodules in 
many landsconet, limestone and shales, and sometimes 
replace shells. 

(3) ThB CLASatPICATION OP SBDIMBNTARV ROCKS, 

There are no such pronounced differences of opinion 
regarding the classiheation of sedimentary rocks as we 
have met incur discussion of the eruptive group, There 
la nothing mysterious about the origin of sedimemary 
rocks; wo can see them forming before our eyes and 
observe how one type of sediment passes either vertlcaJiy 
or laterally into another type- A rock of mixed parentage 
is easily recognized ts such, so there has been no need 
for students of sedimentary rocks to coin new names in 
order to cover up their ignorance. In short, everybody 
who has ever attempted to classify sedimentary rocks 
has recognized the three fundamental classes which we 
may call rock residues, organic residues, snd residues 
from solution. These classes cannot be held sharply 
apart, for rock detritus is often mixed with organic 
detritus, and both may be cemented together by material 
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d«posited from solution; Urns we have 
ffvoseous saftdstOBCS and salt clays; but for all that the 
ihf« classes are so faodamenlaUy different that one must 
separate them as far as possible. _ . 

The class of rock reidues U always subdivided accord- 
inr to the siae of the constituent gfrains, with We 
mincraloeical composUioo as a aiibordinaie fncior. m 
oreanic residues and the residues from solubon are sub- 
divided maioly on the basis of chemical cem^sition. 

We have oo new classification to offer here; the most 
that we shall aiiempt to do U to effect some small ^ 
arran^ent of the groups. The description of the ^i- 
mcntary rocks In the next four chnpecfa will be based on 
the following arrangement 


aast !. Orgftnfe Reddaefi. 

(a) Limestone and dolocrute. 

(b) Guano, pho^borite and bone-breccia, 
(e) Diatomaceous and radiolarian earths, 
(d) Peat, coal and oil*shala. 

Chts IJ. Heddaes from Solution. 

S ) Calc-sinter and*oo1jte. 

) Ironstone. 

{c) SUkeous sinter, chert, jasper. 

Anhydrite and gypsum. 

(a) Rock salt and other salts. 

ausstlJ. CrysUlliRe Rock-Reddues. 

(a) Breccia and tiUite. 

(b) Agglomerate and tuff. 

(c) Conglomerate. 

(d) Grit, arkose and greywacke. 

(e) Sandstone and quartsite. 

(f) Siltstone and loess. 


CryploerystalUne and Colloidal Rock- 
Readnes. 

Clay, shale and slate. 


OassIV. 
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CHAPTER X. 

SEDIMENTARY ROCKS. ' 

CLASS I—ORGANIC RESIDUES. 

(a) Liuurovc aud dolomitv. 

These rocks are composed lar^y or end rely of the 
ftbells or skeletons of manne — and to a much sntaller 
extent of fresh water—enimaJa aod pitots. With this 
orgftnic material a eertaJo amount of sand or tilt may be 
mixed. 

The chief orn*u8Ris that have contributed their shells 
and skeletons to the formation of limestone are calcnre« 
ous alg’SSj foraoiinifera^ corals, crinoids, polysoa, brachio* 
pods, lameUibranchs and gastropods; with smaller 
contributions from the echtr>^s, c^alopods, pten^>odS| 
triiobites, ostracods and sponges. The shells of these 
organisms are mainly composed of calcium carbohate, 
which may be either in the rbombohedral form (calcite) 
or the rh^bie form (aragonite). But although calcium 
carbonate predominate.*!, it is important to recognise that 
many ether eoostituenta are present In smaller amounts, 
and consequently that (quite apart from accidental admix¬ 
ture of sand and mud) a shelMimestone is by no means 
always a pure d^slt of calcium carbonate. The prin¬ 
cipal associated substances tn shells are magnesium car- 
b^ate^ silica, and calcium, frftosphate. A most useful 
study of the chemical composition of the shells of marine 
Invertebrates has been made by F. W. Oarke and W. C. 
Wheeler, whose findings are summarised here. 

Calcareous algm, which play a large part in the stru^ 
ture of many scMtalled '* coral reefs,” are among the 


SEDiJilfiNTARY ROCKS 


*3 


T7IOSC big'hJy magnesian of all the organisms atudied, the 
analyses yielding* from si to 25 per cent, of magnesium 
carbonate. In foraminifera the proportion of magnesium 
carbonate ranges from 2 to 11 per cent.» the highest 
values being given by shells from shallow, warm waters. 
The madreporarian corals were found to be almost purely 
calcareous, but the aJcyonarian corals gave from 6 to 
nearly 17 per cent, of magnesium carbonate, up to 8 per 
cent, of calcium phosphate^ and up to 5 per cent, of 
calcium sulphate. As in the case of the foraminifera, the 
corals of warm, shallow seas are the richest in magnesia. 
The analyses of crlnold fragments gave from 8 to 
14 per cent, of magnesium carbonate, and echinoderms 
gave similar results with the addition of a little calcium 
phosphate and calcium sulphate. The shells of bryezoa 
and brachiopods are for the greater part purely cal* 
careous, but some brachiopods make the!)* ahells almost 
entirely of calcium phospliate instead of the carbonate. 
Lamellibranchs, gastropods and cephalopoda have shells 
of calcium carbonate with very little Impurity of any 
kind. The recent Crustacea (crabs, shrimps, lobsters, 
etc.) form shells of very variable composition, the 
analyses showing from 5 to 1$ per cent, of magnesium 
carbonate and up to 25 per cent., e):ceptionally even 
more, of calcium phosphate. 

In general, owing to the isomorphism of calclie and 
dolomite, it Is the shells formed of calcite that show a 
large content of magnesia, the aragonite shells being 
almost pure. In addition to the substances mentioned 
above there may be a contribution of silica from siliceous 
organisms (algse, radlolaria, spong'es); and it is obvious 
that accumulations of sheb and coral fragments on the 
sea*floor are likely to be mixed up with more or less sand 
or silt. Thus many ahell-llmestones hold small or 
moderate quantities of silica, alumina and compounds of 
iron, for instance glauconite. 

Some shells disintegrate rapidly after the death of 
their tenants. This Is caused largely by wavs'actlon; 
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but it is ilso due to the work of scavengiog fishes, which 
crush the shells to secure thdr cootcnU, end in part il 
is simply a consctjiKCice of the decay of the connecting 
tissue which binds the »iiJ»es or plates of the shell to¬ 
gether. Consequently (Dost lioiesiones consist of a 
relatively small cumber of entire shells which are em¬ 
bedded in a matrix of sheQ fragments and calcareous 
mud. Owing to the appreciable solubility of calcium 
carbonate in water, toch a mixture quickly becomes 
cemented together. Calcitc U more stable ar ordinary 
temperatures than aragonite, to there is a tendency for 
those shells that are formed of aragonite to be dissolved 
and for the materia] to be redeposited as crystals of 
calcite. It is perhaps for this reason chat animals such 
as the cepbaJo^s, which build their shells of aragonite, 
are poorly represented in limestones. 

The conversion of aragonite into calcite brings about 
other effects betides cementation of the mass. The 
specific gravity of aragonite is s.94. that of excite a.ya, 
so the transformation is accompanied by an increase in 
the volume of the limestone. This expansion must 
up strains in the rock which not only hasten the dis¬ 
integration of the shells but sometimes cause minute 
faulting and puckering or brecciation of the I&yers of 
limotonc. If recrysUllisadon alTocts tlic caldtic ns well 
as the aragofiitic shells, then all trace of shelly structure 
is eventually lost and the rock becomes a crystalline lime¬ 
stone or marble, which is strictly a metamorphic rock. 

Under the microscope some relics of organic structure 
are generally recognianMe in limestones. Tests of fora- 
fflinifera, joints of crinwdij spines of sea-urchins, and 
sponge spicules are easily identified; and larger structures 
can be made out on the hand spectmen, especially on 
weathered surfaces. The Uigtr fragments are embedded 
in a fine-grained calcareous osatiix wbkh may hold some 
admixed sand grains. In advanced recrystalliaation the 
whole rock may CMislst of interlocking crystals of celcite, 
with quarts, pyrites and apatite as common accessory 
minerals. 
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If the water beneath which the limestone accon^ulated 
was saturated with calcium carbonate, then each fra^ 
ment of shell or grain of sand oiay te coated with a 
layer of calelte or aragonite deposited from solution. 
Thus there is a transition from purely shelly limestoaes 
to the caicareoua sinters^ which are wholly deposits from 
water. 

Although moat limestone is formed under water, it 
has been shown that shell fragments may be carried in¬ 
land by wind and deposited at a distance from the sea. 
While the deposit Is still loose it may be mixed with snail 
shells and bones of land animals, which afford proof that 
consolidation took place above sea-level. These wind- 
borne limestones, which are known in IndiSj north Egypt, 
and South Africa, generally show pronounced false-bed¬ 
ding, just as wind-borne sandstones do, and they are 
contaminated with sand and silicate grains. At Mariut, 
west of Alexandria, the wind-blown limestone is oolitic. 

Most shell limestones must, as we have seen, contain 
s little magnesium carbonete. When tins constituent is 
present In notable quantity there it a ttansition through 
the magnesian limestones (which are often loosely called 
dolomite) to true dolomite, which has the definite formula 
CaMg(CO,)^ corresponding to calcium carbonate S 4>3 
per cent., magnesium carbonate 45.7 per cent. The 
occurrence of moderately magnesian limestones requires 
no special explanation, but the highly magnesian lime¬ 
stones and dolomites can not be accounted for by simple 
accumulation of shells. It has been shown that massive 
coral rock is often highly magnesian, although the cups 
of living corals have little magnesia in their composition. 
Deep borings on the atoll of Funafuti showed that the 
proportion of magnesium carbonate increased from four 
per cent, near the surface to over forty per cent, at a 
depth of t,ioo feet, although the race of increase was 
irregular and sometimes negative. It is dear from these 
results that there must be some process by which ilme- 
stone can be enriched with magnesia in nature. This 
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might happen in consequence of the Icacluag-out of cal* 
cium carbonate from a moderately magnesian limeslone, 
leaving the residue ricber in magnesia; or there may be 
an exchange of bases between the molecules of calcium 
carbonate in the limestone and those of magnesium 
chloride in sea-water. Tbc cavernous structure ol many 
dolomites Is consistent with the idea of their origin by 
leaching and replacement- By a simUar process, calcitc 
may be replaced by ferrous carbonate (siderite), giving 
rise to an ironstone. 

During the dulomitisalion of a slielly limestone all 
trace of organic structure is usually losl» unless the 
fossils were alUcified before dolomiiizoiion set in. Strictly 
fpesking. dolomite, like marble, is a meiamorplne rock, 
but for toe purpose of deecHpiion it is better to retain it 
among the sediments. Under the microacope dolomite 
may be dlstinguisfaed from caldte by a lilgtw degree of 
idiomorphism, the dolomite grains showing rhombohedral 
outlines while calcite grains aie irregular. Polysynthetic 
twinning lameUis are often observed in calcKe, sridom in 
dolomite, and Ufe twinning planes are different, being 
(01 la) in calcite and (os^i) in dobmite. A conclusive 
test is given by the action of Lemberg's reagent or a 
solution of ferrb chloride, to both of which dolomite is 
Inert. 


(b) Guako, pHOsraoitin Aim aora-aaaeciA. 

Guano consists largely of the droppings of seabirds, 
mixed with the remains of dead birds and fishes. This 
material is rich in lime, phosphorus, cai^n and nitrogen, 
and as it decomposes it gradually loses volatile matter 
and forms a coherent, powdery deposit consisting of 
phosphates, urates and oxalates of lime, magnesia and 
ammonia. When this d^sit is formed on a coral 
island, as it very often is, then the soluble ammonium 
salts are carried down by rain water into the crevices of 
the coral-limestone, where a ra«;tion takes place, giving 
calcium phosphate and liberating ammonia. It has been 
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found tha(cor&2 rock has been converted in this way into 
phosphorite down to depths of fifty feet and more. Hie 
phosphorite of Christmas Island is a white* porous, chAlk* 
like material containing’ bones of birds. It is largely 
amorphous, with a porcelain*]jke appearance under the 
microscope; but in places solution and redeposition of 
(he phosphate has produced crusts and agate-like layers 
of a fibrous, crysialUne phosphate, probably tha mineral 

is aluminous instead of calcare¬ 
ous, then phosphates of iron and alumina are formed, as 
on Clippertoik atoll, where trachyte iias been pliosphat- 
ized. 

PhoiphoVite is also found interstratified Vidth shales 
and limestones of rearine origin. The beds are thin and 
irregular but often continuous over large areas; they 
seem to represent replacements of limestone by phosphates 
derived from organisms decomposing on the tea-floor. 
They might also bo accounted for by leaching-out of 
calcium carbonate from a moderately phospliaiic shelU 
limestone. In the Permian rocks of the western states 
of America beds of phosphorite from one to five feet thick 
have been traced over an area of 175,000 square miles. 
The rock is often oolitic and is irxterbedded with marine 
shales and limestones. 

Tha term bone-breccia is self-explanatory. Accumu¬ 
lations of animal remains, cemented by lime or a fine red 
earth, are often found in caves and other favourable spots 
which have been inhabited for a long time by wild 
animals. Bones are rich in calcium phospliate, so bone- 
breccias are occasionally worked as sources of phosphstlc 
manures. They have some archseologicsl and palaeonto¬ 
logical importance, but geologically they are of little 
account. 

(c) DtATOMACBOUS A}fD RADIOLAAIAK BARTHS, 

Siliceous shells are rtot so common as those composed 
of lime, but they sometimes form deposits of appreciable 


coUophane, Ca,P^O^,HjO 
If the undenvjno’ roex 
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size. The principal ^ceous org'aftiszDs axe radlolana, 
diatons and sponfea. Diacomaceous eaflbs (di&tomite, 
kiuel^uhr) are known* in Tertiary formatiooa in many 
lands. The klesel^uhr of Hanover occurs io lenses thirty 
feet thick, and the deposits in the Miocaoe beds of Bdary- 
land are even thicker. Dq>osiCs a hundred to two hun¬ 
dred feet thick are reported in Nevada. Structurally, 
these deposits consist of a^re^ces of minute tests of 
diatoms, radioUria and, foraninifera, only a few 
thousandths of a mULimetre in diameter, ofteo mixed with 
sponge spicules and mineral ^ains. Chemically they 
consist of opaline silica with calcium carbonate aod other 
impurities. Beds of chert ofteo contain shells of radio- 
laris, and it is sometimes assumed that chert is sn altered 
radiolanan earth, transformed by solution and rodeposi* 
tioD of silica. 

(d) Prat, coas am cat-siiAtt. 

These rocks represent various stages in the decom¬ 
position of ve^eta^ tissues. The diifertnces between 
one coal and another are atplained not only by different 
stages of decomposition but also by differences In the 
nature of tbe vegetable matter of which they were 
formed. 

Peat is a spongy, fibrous material, easily cut snd 
easily ignited when dry. It Is brown to black io colour 
snd Is recognizable at sight as a compacted maas of plant 
debris, maced with more or less of ea^y matter. 

Lignite or brown coal is harder a^ more compact 
(hen peat aod is no longer spongy. Fragments of bark 
or leaves may be recognized, but the bulk of the coal 
shows no distinct structure in the hand-specimen 
although a cellular texture is rect^izsble in thin sec¬ 
tions. The fracture is very irr^ular and most lignite 
crumbles easily when dry. 

Humic coal (common coal) is a still more compact 
and distinctly stratified mass of " mummified " vegetable 
fcagmeitfs. Tbe principal tissues which constitute coal, 
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and which can be recog-nized in specially prepared and 
created thin sections, arc woody fibres, carbonised wood, 
bark, leaf eitticle, spore-cases and seeds. Humic coal is 
usually built up of alternating layers of bright, glistening 
coal and of dull, fibrous coal. The dull layers consist 
largely of wody matter, and hold most of the “ ash ” 
or inorganic constituents of the coal; the bright layers 
contain more moisture and volatile matter and show 
spore-cases under the microscope. The ” ash ” of coal 
is partly just admixed silt but some of it Is mineral matter 
that was incorporated in the plant tissues. Some plants 
incorporate silica^ others alumina and others lime; and 
the content of mineral matter is different in different parts 
of the plant. Fluorine is often preseju, probably in tlte 
form of calcium fluoride. 

Coal leems to have accumulated under shallow, 
fresh or brackish water, in association wlUi sands and 
days. Tlie floor of a coal-seam Is frequently a very 
siliceous clay, though other kinds of floor are also 
possible; the roof Is usually shale or sandstone. Single 
seams may be more than a hundred feet thick, but thick 
seams are often interrupted*by partings of clay or sand¬ 
stone, or lenses of limestone, and they are less pure than 
thinner seams. 

Cannel coal Is a dull black, lustreless coal which does 
not soil the fingers, breaks with a eortchcidal fracture, 
and is readily ignited, burning with a smoky flame like 
a candle (hence the name candle-coal). It is believed to 
have been formed from a gelatinous or slimy mass of 
spores and other decomposing tissues, Including even 
animal remains, which accumulated under water. Woody 
tissue seems to be entirely absent. 

Anthracite is a shiny black coal which does not soil 
tbe fingers. It is nearly free from volatile hydrocarbons, 
consequently it is difficult to ignite and burns with a very 
feeble flame. As it contains over ninety per cent, of car¬ 
bons it gives great heat in burning, traces of cellular 
structure can be detected in anthracite by etching a 



THE STUOV OF IIOCKS 

polished surfsce wilh strong* vsidLuiig st^is or wilh s 

blowpipe fiune. . , 

Torbsjiice sod other ^-shales difier from coal by 
having more bydrogeo aod a good de^ more mineral 
matcer in their compo^tion j on dUiiUatioii they do not 
form coke but instead leave a residue of burnt shale. In 
appearance ibc ridier oil'Shaies have a woody or leathery 
look; they can be cut with a lrmfe» and the shavings will 
ignite when a match is a^icd to them. Tl« colour is 
brown to black, the streak brown. The combusUblc 
matter or “ kcrogcn," which yields petroleum when dis- 
tilled* occurs as minute yellow globules or discs a few 
thousandths of an ineb in diameter; these are set in a 
dark, shaly matrix. According to some workers the 
yellow bodies are algv; acu)rdmg to others, spore»; 
while another view is that they are resin fragmenli shaped 
by attntton and compressiOQ. 
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CHAPTER XI. 

SEDIMENTARY ROCKS. 

CLASS n—RBSIDCJES FROM SOLUTION. 


(d) Cai.C‘SIntiir oolstb. 

Calcium c&rbonate is held m solution in water In the 
form of* the bicarbonate CaH (CO,),; and anything whici; 
robe the solution of carbon dioxide will cause the normal 
carbonate to be precipitated as calcite or ara^lte. The 
solubility of calcium carbonate in water depends, then, 
not only on the temperature of the water but alsoi on the 
concentration of carbon dioxide. J. Johnston and S. D. 
Williamson have shown tliat water at containing’ 

only a parts in ten million of carbon dioxide, will dii* 
solve 4$ parts per million of calcium carbonate. With 
nine parts of carbon dioxide in ten million, the amount 
of calcium carbonate dissolved is 75 'parts per million. 
On the other hand, with constant (atmospheric) con¬ 
centration of carbon dioxide, the solubility of the car¬ 
bonate decreases from $z parts at O^C. to 5s parts at 

Precipitation of the dissolved lime may be broug;ht 
about by various causes. In the common case of spring's 
escaping from a limestone formation, which are often 
highly charged with lime, mere exposure to tbe atmo¬ 
sphere permits so much carbon dioxide to escape that 
there may be a constant precipitation of the carbonate 
which in course of time builds up massive deposits of 
calc-sinter (calcaheous tufa). Plants which grow in 
water and absorb carbon dioxide have the same effect; 
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ind^ the abundance of plant impressions m calosinter 
has led many peof^e to assuote that plants play il)e main 
part in the f^mation of these deposits. In this matter, 
however^ it ia possible to confuse cause and effect. The 
calcareous deposit may be associated with plant remains 
because planis were the cause of precipitation, or alter* 
natively plant reosains may be associated with the deposit 
because an abundance of cartion dioxide escaping* from 
waters favours the growth of plants. E. T. Allen lias 
studied the calc*aintcr deposits in the Yellowstone Purk 
and concludes that ** (he part played by or^mnisins in 
(heir formation is geototpcally unimportant." 

Still another cause of pred|H(aiJon of lime is the pro¬ 
duction of ammonia by decaying: or^Isms. It has been 
shown that tbe bottom mud of the Black Sea is largely 
composed of powdery calcium carbonate whicb has been 
precipitated by ammonia generated from decaying* animal 
matter; and R. A. Daly haa contended that many 
of the unfossiliferous limestonea of the Pre-Cambrian 
may have been formed by a aimilar proceas. Still one 
more possible cause of predpiution of lime may be men* 
tioned; that is tbe local beatinp of sea-water by sub¬ 
marine volcanic eruptions. A receot writer has found in 
this possibility a satiafactory explanation of the frequent 
occurrence of non-foaailiferoua limestemes between sub¬ 
marine lava-flows. 

So long: as one deals with limestones which have not 
undergone extensive recrystiUixationi it is possible to dix* 
tinguish those formed mainly of organic debris from 
others that are mainly deposits from solution, although 
it is true that there may be some admixture of the two 
kinds of material. The calcareous mud which forms the 
matrix of shell-iimeatones may be in part a precipitate like 
that forming in tbe Black Sea; but generally speaking 
there is no reason to think that roost of the thick fossiJl* 
ferous limeetooes owe more than perhaps a trifling part 
of their mass to precipitation. Even in a dne-grained 
deposit like the Eogliah Chalk the bulk of the material 
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can be identified as minute shelia and fragments of larger 
shells which have under^ne disintegration. Highly re* 
crystaJHzcd limestones naturally can not be referred with 
certainty to either of our two groups; they have lost their 
original characters and acquired the character of a meta* 
morphic rock. 

The deposits of caJc-sinter formed by rivers and hot 
springs are often thick and extensive. In Bahia, Brazil, 
rivers draining a limestone region linve given rise to calc* 
sinter deposits which locally exceed a hundred feet in 
thickness. Similar deposits are widely developed in the 
western states of Italy, Important deposits of calc-slnttr 
about hot springs are known in tlie Yellowstone Park, 
where an area of twenty square miles is covered with a 
deposit reaching 050 feet in thickness. Calc-sinter 
formed by the drying up of a great lake Is largely 
developed in the Lahontsn basin of Nevada. The aver¬ 
age thickness of the deposit in this region Is about twenty 
feet, but there are crags and towers fiftv to sixtv feet 
higJi. 

Deposits of calc-sinter show no distinct bedding, but 
an irregular lamination Is common, The rock Is gener¬ 
ally white, with a chalky appearnnee, and when recently 
deposited It is porous or dendritic and full of irregular 
cavities. Plant impressions are common, and snail shells 
may be embedded !n the rock, With Increasing age 
recrystalllzaiien seta in, and the, cavities become lined 
with agate-like layers of fibrous carbonate or crystals cf 
caJelte. In course of time the mass may become qtxice 
compact. " Onyx marble is a handsome, banded 
variety of calc-sinter. 

Oolite and pisolite are limestones built up of little 
spheroidal bodies resembling the roe of fishes or heaps of 
peas. Under the microscope the spherules are seen to 
consist of needles of calcite, having either a radial or a 
tangential arran^ment. At the centre of a spherule 
there is often a dny grain of sand or a fragment of shell 
which has served as a centre for the deposition of sue- 
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cessive 6hdl$ of carbonate. It is aometunes assumed 
that these spherules are formed around grains of sand 
which are rolling about on the sea floor, and U is known 
that they form in hot spKogs, about grains which are 
buoyed up by the water. On the other band, precisely 
similar structures are developed in glasses and jellies 
which have begun to crysuJUze. It has lately been estab* 
lished by experiment that sphertilidc structures are 
formed when an emulaioa {coneaisur^ a substance in the 
colloidal state) erystalliztt. If tbe siibstance is pure the 
spherules have a radial structure; if impure, tbe*structure 
is concentric. What part^ if any, la played by algia and 
bacteria in the formation of oolite and pisolite is still 
undecided. 

A limestone nay consist entirely of oolitic grains or 
partly of such graioa and partly of shell fragments. A 
completely oolitic limestone must be considered to be a 
deposit from solution, but if marina shells are present in 
addition, as in the Jurasak oolites of England, then the 
rock should be classed rather inth the shell limestones 
than with tbe calc-sinters. 

Dolomite as well as calcite may be deposited directly 
from solution. The Raochwaclce of the Permian of 
Germany is a porous dolomite which is believed to have 
been deposited as a mixture of dolomite and anhydrite, 
the latter being afterwards leached out. 

f0 countries (hat have a long dry season and low rain¬ 
fall, ground water ia drawn up to the surface and 
evaporates there, depositing lime In the aoU. In the 
course of time there may be formed in this way a nearly 
continuous sheet of surface lunestone with a thickness of 
several feet. Tbe stuff is aodular and porous, and it 
encloses a lar^ 4)uan(ity of sand and boulders belonging 
to the subsoil. This dq>osit ts just a variety of calc- 
sinter, but 00 account of its ia^urity and its resemblance, 
when included boulders are numerous, to artificial con. 
Crete, the handy name calcrete " has been applied to it. 


SBDIM ENTARY ROCKS 
(b) Ironstohs. 

Iron is held in solution by surface waters in the form 
of ferrous bicarbonate, ferrous sulphate, or perhaps as 
salts of certain organic ncids, and it is also carried in 
suspension as colJoidaJ ferric hydroxide. Deposition of 
iron occurs principally in shallow, stagnant waters, such 
as lagoons, lakes and swamps. The causes of deposition 
are many. Loss of carbonic acid, either by evaporation 
or by the action of water-weeds and bacteria, will cause 
ferrous carboitatc (siderilc) to be precipitated. Exposure to 
oxidation will precipitate one of the hydrous ferric oxides 
(turgite^ aFc,0„H.0i limenite, jFe,0,,3H,0; xantho- 
siderite, Fe, 0 j,aH, 0 ) or a ferrie numate. AlkaJIne 
silicates in the water will precipitate iron silicates and 
hydrogen sulphide will precipitate Iron pyrites or mar- 
casite. Iron is also precipitated by colloidal organic 
matter; this is the basis of the process of water-purifica¬ 
tion by means of iron-alum. In view of all these possibili¬ 
ties, it is deer that ironatones may vary a good deal more 
in composition than iimestonea do. 

Ironatonea aa well as llmestonaa are often oolitic. 
This Is sometimes held to indicate that oolitic ironstone 
It a replacement of oolitic limestone, but that Is not 
necessarily the case, for typical grains of Iron-oolite have 
been found in the bottom sands of the North Sea. The 
spherules often show a nucleus of quart* or calcilc, sur¬ 
rounded by concentric shells of hematite and silica, 
hematite and calcite, or hematite and chamosite. The 
hematite may subsequently alter into limonite or mag¬ 
netite. Siderite is alio found in oolitic form, and even 
Iron pyrites mny be oolitic^ The iron oolites of Lorraine 
and Luxemburg arc thought to have been formed from 
a colloidal suspension of iron and calcium carbonates, 
with alumina, silica, clay and sand grains. When this 
suspension was exposed to oxidation, ferric hydroxide 
was precijMtaled on the solid particles, thus building 
oolitic grains. 
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E. C. Harder has shown that bacteria play a larg^ 
part m the precipitation of Iron. He finds that iron*prc* 
cipliatinf bacteria are present wherever iren-bearing 
waters occur, both underground and on the surface, and 
that the yellow or brown scum which forms on the sur¬ 
face of such waters consists larpsly of Iron •precipitating* 
organisms, chiefly thread-bacteria, He also showed ex. 
pefimentally that solutions of certain iron salts, when 
inoculated with " almost any type of natural water or of 
soil ** gave precipitates of ferric hydroxide, thus indicat¬ 
ing the almost universal presence In nature of organisms 
capable of precipitating iron from solution. 

The Clinton hematite beds of New York, which are 
largely oolitic, are interbedded with sliale and eandstone 
and are locally as much as forty feet thick. The 
''mlnette'* beds of I,^rraine and Luxemburg are 
llmoftlte, in beds up to twenty feet thick, The black- 
band ironstones ’* of Europe and America are Impure 
siderltes^ and are associated with shales end coal seams. 
The Cleveland Ironstone of the north of England is an 
oolitic siderlte, perhaps replacing limestone. 

The conditions under which Iron silicates are precipi¬ 
tated are not properly kndwn. Glauconite or greensand 
is known to be formed In shallow sea water, at depths of 
more then a hundred fathoms, It is a granular mineral, 
often disseminated in sandstones and locally forming in¬ 
dependent beds or lenses. Greenallte and chamoeite are 
hydrous iron silicates of indefinite composition; both are 
green and both tend to form oolitic structures. Oolitic 
chamosite and greenallte beds, often oxidised to hematite, 
limonite or magnetite, form Important iron ores in 
Minnesota, Bohemia and Transvaal. The principal band 
of oolitic ironstone near Pretoria, Transvaal, is over 35 
feet thick; it shows current bedding and ripple marks, 
It consists of minute oolitic bodies, built up of concentric 
shells of magnetite, hematite and chamosite arouod 
quartz grains; these are mixed with grains of sand and 
lie in a matrix of clayey Iron oxide. 
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Beds of precipitated iron sulphide ace known in New> 
foundland and Westphalia. They are thin and 
impersi stent and have more economic than g^Iogical 
importance.' 

Deposits of a very impure clayey or sandy limonite are 
sometimes formed on or jusc beneath the surface of the 
soil, either in continuous sheets or as layers of nodules 
and pellets. The material is usually porous and slaggy 
in appearance, full of irregular cavities ond tubules which 
may be lined with crusts of fibrous limonite. Tho colour 
is blotcliy, from brown to red and yellow, or black if much 
manganese is present. The deposits are due to the 
oxidation of traces of iron salts brought up by ground 
water; perhaps soil bacteria play a part in precipitating 
the iron hydroxide from solution. Such deposits, which 
contain much admixed sand, have been called ferri* 
Crete.*' 

(c) SiLiesOUS SINTaR, ckist, JAS?Bn. 

Siliceous sinter (geyserite) la especially associated with 
hot alkaline springs. The dissolved or suspended 
(colloidal) silica is precipitated in consequence of cooling, 
eve pc rat ion, or the action of alga (doubtful). The de¬ 
posit hus the composition of opsl, and It forms a light 
cellular or moss-like mass which, like calc-sinter and 
phosphorite, may become dense and compact in conse¬ 
quence of recryst&llieailon. 

Sands and gravels in dry climates ere sometiines 
cemented together by secondary silica, either chalcedony 
or opal, forming surface quarts!te or *' silcrete.** The 
rock has the lustre, hardness and fracture of quarts and 
may be tightly compacted or full of cavities* Silcrete 
takes the form of lenses and irregular jagged masses. 
In some cases it seems to have been formed by replace¬ 
ment of limestone. 

Chert and jasper are bedded rocks composed of fibrous 
or minutely crystalline silica. Chert is very pure and is 
white or greyish in colour; flint is merely a dark grey to 
nearly black chert, occurring especially as nodules in 
chalk. Jasper Is an impure form of silica which owes 

II 
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its bright colours (brown, red, yellow, green) to the pre¬ 
sence of Urge quantities of iron oxides or iron sUicetes. 
Chert forms beds, lenses and concretionary masses in 
many limestones, which it appears to have entered by 
replacement along the bedding-planes and joints. Some 
chert beds possibly represent precipitates of silica on the 
sea-ftoor; the reason for suspecting this is that analyses 
of river water show an appreciable content of silica, while 
sea water shows hardly any. The difTercnce must be 
due at least in part to precipitation of silica on the sea¬ 
floor. Sponge spicules and tests of radiolaria are com¬ 
mon in beddad cherts; remains of polysoa are also to be 
found, and fragments of brachiopods, crinoids, etc. It 
is sometimes supposed that chcri Is a rccrystallUcd 
radiolarian sarti), but the association of radtolaria with 
chert may be accidental, like that of plant remains wUh 
calc-sinter. 

Under the microscope chert shows silica in several 
forms^ from isotropic opal to fibrous chalcedony and 
minutely granular quartz. The spherulitic and interlock* 
Ing (mosaic) texture of the material shows that it Is not 
detrltal but has been fornted by the crystallization of 
a gelatinous precipitate. 

(d) Ahkvorits ano ovssum. 

Sea-water holds the metallic ions sodium, magnesiumi 
calcium and potassium, in that order of abundance; and 
the acid radicles Cl, SO^, CO^ and Br. On evaporation 
of the water the salts are deposited In a definite order, 
beginning with calcium carbonate, followed by calcium 
sulphate and sodium chloride. The remaining salts 
hardly coocern us, their significance as rock-formers 
being negligible. 

Calcium sulphate may be deposited either as anhydrite, 
CaSO^, or as gypsum, CaSO^isH^O. It has been shown 
experimentally that anhydrite normally separates from 
solutions of calcium sulphate above 66°C. (i5o°P.), but 
that in presence of sodium and magnesium chlorides 
anhydrite is formed even at 25®C. (TT^F.). In the 
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Stassfurt $alt deposits the first saJt to be formed was 
gypsum, but afterwards, when the concentration of 
sodium chloride was iticreued by evaporation, anhydrite 
and rock salt were d^osited in alternate layers, a few 
rDilllmetrea of anhydrite being followed by a few cenli- 
metre^ of salt. So regular are these layers that they 
are thought to be annual deposits. In the synclinea of 
the Pars series in western Persia the lower beds are 
largely salt with anhydrite, the upper beds chiefly gypsum 
and clay. Bui buds that now consist of gypsum insy 
have been laid down os anhydrite and afterwards 
hydrated by ground or surface water. This cliaoge has 
undoubtedly token place to some extent in Persia, and it 
has been demonstrated In several other regions. At Bex, 
In the canton of Waedt, Switzerland, gypsum Is said to 
pass into anhydrite within sixty to a hundred feet from 
the surface. The reverse process, dehydration of 
gypsum, is alio possible but there is nothing to suggest 
that it takes place In nature. 

On account of its suiceptlbillty to hydration, anhydrite 
is seldom exposed at the surface, but beds of anhydrite 
intersected in boreholes are often scores of feet thick. 
In an exceptional instance In Texas the drill passed 
through more than i,ioo feet of anhydrite in tha form of 
a continuous, laminated deposit. The gypsum of Hills¬ 
borough, Kova Scotia, which has been formed from 
anhydrite, Is 350 feet thick. In western Persia, beds of 
gypsum and anhydrite occur in a belt of country measur* 
ing i,uoo miles by $0 miles, and single beds of gypsum 
nre often fifty feet thick. J. V. Harrison has calculated 
that to form the gypsum deposits of this region ** a sea 
such as the Indian Ocean . . . would have had to supply 
water to a depth of one mite from Its surface.*’ The 
difficulty of accounting for evaporation of the oceans on 
such a scale has led some geologists to look for other 
sources of supply. The action of volcanic gases on lime¬ 
stone has been suggested; also the oxidation of iron 
pyrites, or of hydrogen sulphide derived from decompos¬ 
ing organic matter, followed by a reaction between the 
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sulphuric acid so formed and limestone. Harrison has 
actually observed the conversion of limestone into gypsum 
about sulphur-spring's in Persia. 

While it is undeniable that some gypsum is formed by 
such reactions, we must still seek a marine source for 
most of it, especially wlicn It is interbeddeci wiUi clay, 
salt and shelly sandstones. After all, it is not necessary 
to suppose that the huge quantity of calcium sulphate 
contained In die Pars scries of Persia (or in any other 
large gypseous area) was ever dissolved in the sea oil at 
on» ttfns. Tiie Eurasian region where the greatest 
deposits of gypsum and uniiydrite are found was beneath 
the sea during tiie Paleosoic era and has been an unatubie 
region since the Mcsosoic, waves of elevation und of sub¬ 
mergence sweeping across it in succession. At any 
moment since the Mesosoic there has been some calcium 
sulphate above sea-leve) and another portion In 
the floors of the basins, with a third fraction, probably 
much smaller than either, in process of transportation 
from one site to the other. Only this small third portion 
was actually in solution at any moment. One must think 
of these great gypsum deposits as being " made over " 
again and again in the seme regioi^ since Meiotoic or 
perhaps since Permian times. Only in this way can one 
account for such vast deposits of calcium sulphate in 
restricted areas widiout the necessity for evaporating 
entire oceans or imagining volcanoes which belched out 
unheard'Of quantities of sulphuric acid. Some gypsum 
is even transported in the form of sand and mud. 

The outcrops of thick beds of gypsum are scored with 
rmn-furrows separated by knife-like ridges, and swallow- 
holes and other aoludon channels abound. The beds 
may be massive or laminated, and thelaminie often show 
a remarkable degree of folding or puckering, which is 
generolly interpreted as a consequence of the expansion 
accompanying the hydration of anhydrite. This trans¬ 
formation involves an increase in the volume of the rock 
which may approach sixty per cent, {one volume of 
anhydrite is equivalent to 1.62 volumes of gypsum). But 
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foJding* and puckering* may alao be a consequence of the 
yielding of the soft gypsum beds to compression. 

Under the microscope anhydrite appears in grains and 
parallel or radiating groups of prisms with well-marked 
rectangular cleavage. Refraction and birefringence are 
both high- Gypsum forms interlocking plates^ laths and 
needles which have quite a resemblance to mica in con¬ 
sequence of their perfect cleavage, but the refractive 
Index is lower than that of Canada Balaam and the hire* 
fringence is also low. Gypsum which has been formed 
by transformation of anhydrite may enclose remnants of 
the latter mineral, and tiny rhombs of dolomite nre also 
common enclosures In gypsum. 

Alnbasler is the 'name given to a pure, granular 
gypsum-rock. 

(e) Rock salt and othsr salts. 

For obvious reasons rock salt Is little in evidence 
among surface rocks except in very dry regions. Never¬ 
theless, the structural features of rocks that do outcrop 
at the surface may be due to the presence of salt beds In 
depth. By the removal of salt in solution the overlying 
beds may be caused to collapse, and folding and breccia- 
don may result. Salt beds also yield very easily to 
deforming forces, and In regions of compression actual 
sliding may take place, a salt bed acting as the sole of a 
thrust-plane. Exploration with the drill has shown that 
beds of salt often swell rapidly into dome-like bodies 
which are intruded into younger strata In the same 
fashion as stocks and pipes of igneous rock. These salt- 
domes are roughly circular In crose-scction, and in the 
Mexican Gulf region they are found to be situated at the 
intersections of faults. The salt-plugs of southern Persia 
were formed from Cretaceous and Miocene salt beds 
which were forced Into plastic flow in consequence of 
late Tertiary mountain-building movements and over- 
thrusts. When the sale reached the earth-surface it often 
continued to Row like a glacier, under Its own weight. 

The thickness of a salt-dome may be several thou- 
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sand feet. Single beds of salt are not Infrequently 
measured In tens and sometinies In hundreds of feet In 
thickness. Tlie associated rocks are mostly anhydrite, 
gypsum, and clav or shale. The chief body of salt 
at Stassfurt is nearly a tliousand metres thick and 
eorsista of alternate layers of suit and anhydrite, eacli 
salt layer being about eight centimetres thick and the 
nnhydrite layers a tenth of that. 

Sodium nitrate forms an extensive sub'Surfnce deposit 
(“ caliche ") in the arid regiona between the Andos and 
(ha Pacific. It is associate with aodlucn chloride and 
other salts, nnd mixed wltli sond and stones. Tlic 
deposit scorns to Imvo been formed by the evaporation of 
ascending ground water, in fhe same way as surface lime* 
stone or calcrete. It ia a salorete.'* 

Sulphates, carbonates and bor&taa of the nikalioa arc 
sometimes found in beds of appreciable extent iimong the 
depoaiti of salt lakes. 


^UOORSTTONS POR R KADI NO. 

T. C. Grown, On OoiU«n and OoUHc Texlur 9 in Rocks. 

Bu!l. OcnI. See. Amerire, (914, p. ? 4 ^ 

J. Johnston nnd K. D. Williamson, The ReU of lucrgcme 
Agtncict in ihc DfposHion of Ccle^fm CarbenaU. Jour. 
Gaol., 791a, p, 739. 

H. Cl Sarockt, Thr Massive Chert Forpinilon of North Flint. 

shire. Ceol. Mag., 79M, p. 168. 

W. A. TARft, Origin of the Cnort Htds hi the Purlin/iron Lime- 
ttont. Amcr. Jour. 5 cl., vol. XLtV., iqry. n. 409. 

E. C. H*aDRn, Jron^eposUing BaeUria end rtieh CcologUal 
FtitiUons. VS, Geol. Survey, Prof. Paper tn, 1919. 

J. V. KARaiSON, The Gvpsum Deposits ^ .^.Tf. Porsie, 
Eronomie Gsology, 1924,J>. 259, 

R. SkiiTM, The CheUvion Gy^rutn Broecin. Quart. Jour. 
Geo). Soc., 1018, p. lor. 

W. li. DuoiBR, On Oolms and SpheruUles. Jour. Oeol. 26, 
1918, p. 593. 

J. V. Harrison, The Geology of seme Sait-Plugs in Laristen. 

Quart, Jour. G<^l. Sor. London, 1930, p. 46^. 

E. T. Au.RN, The Agenev of AXffe in ike Depostlien of Tra- 
vertine, etc, Amer. Jour. Scl., vol. a8, 1934, p. 373, 

W, H. TwBKHOPRL, principles of Sedimentation, 1939. 


CHAPTER XII. 
SEDIMENTARY ROCKS. 

CLASS III—CRYSTAL LINE ROCK-RESIDUES. 

These rocks nre formed mpiinly of the Isrg^r frag¬ 
ments set free by mechanical weathering, that is> of 
boulders, pebbles and sand grains or what has been colled 
" reck flour," and they hold little of the fine " rock rot ” 
which is a characteristic product of chemical weathering. 
That is Co say, (he great majority of the grains are frag¬ 
ments of crystals or of crystalline aggregates, ar^ 
colloids! matter plays only a minor part. Among such 
rocks one may draw a useful distinction between those 
formed of angular fragments which have suffered little 
corrosion and those composed of well rounded fragments. 
Rocks of the former type are typically terrestrial deposits; 
those of the latter character are to an overwhelming 
extent sub-aqueous. But when the sise of grain becomes 
very small the distinction disappears, for grains which 
are small enough to be carried in suspension by water or 
wind never become round. 

(a) Breccia and tillitb. 

Breccia is a deposit containing a large proportion of 
coarse, angular rock-fragments. Such a deposit may be 
formed by weathering in place, the lighter products of 
weathering being washed away by rain or blown away by 
wind and the stony residue cemented by lime, silica or 
limontte. The more stony examples of calcrete, sHcrete 
and ferricrete are breccias of this sort. A breccia may 
also begin as a heap of talus at the foot of a cliff or in s 
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valley between mountains, and landslips and avalanches 
may make their contribution to the mass. A coarse 
glacial deposit is also a breccia, but the distinctive name 
of tlllite ia given to it- A volcanic breccia differs from 
other coarse-grained rocks as regards both the forces that 
produced it and the nature of the material composing It; 
it is generally termed agglomerate and will be discussed 
later. 

Tliere remains a group of bityxlaa formed by crustal 
movements, One well-established type lifts been formed 
by the collapse of an overlying formation when the under¬ 
lying one, usually a bed of limestone, salt or gypsunij 
lias boon lenuhed out from beneath It; and another type 
is developed along fault-planes and zones of crushing. 
The former kind should be retained among the sedi¬ 
mentary rocks, for it keeps to a definite liorlzon in the 
sedimentary succession, but a fault-breccia can by no 
stretch of imagination be regarded ss a sedimentary I’ock. 
Tlie f&ult-breccias and the relatetl mylonites and flinty 
crush-rocks are neither sedimentary nor Igneous but And 
their proper home among tlie meumorphic rocks. 

The boulders in a breccia may be of any kind of rock 
that is neither too soft ncr too soluble; even sun-dried 
flakes of clay may give nse to a breccia, but usually the 
boulders are of sandstone, limestone, or some eruptive 
rock. They may be very largo; blocks of limestone In 
breccias about the rock of Gibraltar are sornetlmes twenty 
to thirty tons In weight; and a characteristic feature of 
this kind of deposit Is that there haa been very little 
grading of the fragments and there Is hardly a trace of 
stratification. In some cases, however, talus has been 
worked over by intermittent streams, and then the 
boulders may show signs of corraslon and there may be 
some degree of grading and stratification, indicating a 
passage from breccia towards ordinary conglomerate. 

The cementing material of breccias Is usually lime, 
silica, or oxides ^ iron or manganese; but in special cir¬ 
cumstances It may be barite, fluorite, gypsum, sldente, 
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or another of the "sparry” veinstones. At Bex, 
Switzerland, a breccia of limestone and anhydrite that 
was met In the salt mines was cemented by rock salt. 

Coarse deposits of glacial origin get the name of till 
or boulder'Clay when they are unconsolidated, and of 
tillite when t)iey are cemented together. Characteristic 
features of till and tllllie are the lack of sorting or grad¬ 
ing 0 ? the material (unless it has been worked over hy 
glacial streams), so that huge boulders may lie nnwog the 
silt; and also the angular foren of the boulders, which 
may sliow oi>c or more flauened and striated fa<reis. The 
smaller fragntcnis arc sharply angular, and all are p 0 r> 
fcetly freah, having been preserved from weathering by 
being encaaecT in ice. It is dear that rocks of almost 
any kind may be found in boulcler-clny, but It ia more 
especially tlie ha 1*40r and louglter rocks titat survive 
prolonged grinding beneaili the icc. Boulders of granite, 
quartzite and crystalline limestone are cominon. 

Without the evidence of striations on the boulders 
and on the Aoor upon which the deposit rests, It may be 
Impossible to distinguish a tillite from a talus«breccia. 
If the deposit has been rearranged by running water 
then it may be wcti graded and straiihed, and it will 
gradually cease to 1 m distinguishable from ordinary 
gravel and sand. 

(b) AOCLOMllRATB AND TURF. 

Agglomerate la a volcanic breccia composed of large 
and small fragments of any kind of rock, that have been 
thrown up into the air by volcanic expiostons and have 
accumulated round about the vent. The material may 
be largely composed of Anders or lumps of slaggy 
lava, together with lapilli and volcanic sand; but it is 
not necessary that any volcanic material should be pre¬ 
sent at all; for the agglomerate may be made up entirely 
of fragments of the rocks through which the volcano 
broke Its way to the surface. Layers of agglomerate 
may alternate with beds of volcanic sand or tbln sheets 
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g£ lava, but apart from this ihe:^ is little sig’n of strati* 
fication and the layers are moat irregular in thickness. 
The name “ volcanic bomb " is given by some writers to 
pear-shaped or comet-shaped lumps of lava with a 
rounded head and a distinct tail which may have a spiral 
twist in it. It is said that these bombs acquire their 
curious shape during their fllglit through the air, but the 
writer has spent many hours on tlie top of Mt. Vesuvius, 
watching the flying lumps of lava through a powerful 
field'glass, and he is .tallshed that the shape originates at 
the moment when the bomb Is tom apart from the upflung 
tongue of lava In the vent, and that It is not modlActl 
during the flight of the bomb thiough the sir. 

Many of the larger blocks thrown out during ex¬ 
plosions fall back Into the lliroat of the volcano, which 
may even become choked by Us own debris. A good 
deal of the kimberlite of the South African diamond pipes, 
for instance, Is really a volcanic breccia consisting of 
fragments of shale, granite, quartsite, eclogite and other 
rocks, all cemented together by a matrix of serpen¬ 
tine. Similar volcanic breccias have been described 
near Montreal, in which as much as nine-tenths of the 
material consists of boulders of quartzite, sandstone, 
limestone and granite enclosed in a matrix of melillte- 
basalt. In one cose the breccia holds pieces of a 
geological formation that has been entirely denuded away 
from the area; these pieces must have fallen more than 
two thousand feet down the vent. 

Flow-breccia is a kind of volcanic breccin formed by 
the freezing of the top of a moving stream of lava. The 
solid crust gets broken up by the movement of the liquid 
underneath it, and the lumps of slaggy lava are tumbled 
and jumbled into heaps of flow-breccia until the mass can 
move no further. 

Tuff is the name given to rocks composed of the 
smaller fragments and volcanic ash (sand or dust) 
deposited at a greater distance from the vent than 
agglomerate. The finest dust is often blown to great 


SEDIMENTARY ROCKS 167 

distances, and may be carried out to sea. In settling 
under water it is likely to be mixed up with ordinary 
marine sediment, forming sandy tulf and tufaceous sand¬ 
stone. The grains in tuJ! often include quite a lot of 
well-shaped crystals of minerals such as augite, leucite, 
nielanite, anorthite, which must have been present in the 
lava before the sudden liberation of gas thnt blew it to 
bits. The greater part of most tuffs consists simply of 
comminuted rock fragments. If tliese fragments are 
mostly of rocks other than leva then tbe volcanic origin 
of the deposit may be obscured; for instance, it may be 
taken for a gray wacko; but the presence of scraps of 
glassy pumice, full of gas bubbles, la a distinctive char¬ 
acter of a fresh tiUf. Charred remains of vegetation are 
sometimes to be seen in tuff. It is obvious that the 
mineralogical composition of a tuff can vary just as widely 
us that of lava. It is usual to name tuffs according to 
the nature of the recognizable rock fregjncnta, aa rliyolice 
tuff, basolt tuff, and 10 on. 

(c) COMOLOMIRATS. 

Conglomerate is a consolidated gravel deposit which 
once formed a sea-heach or the bed of a torrential river. 
The coarser beds may hold boulders a foot or two in 
diameter, but sizes from six inches downwards are com¬ 
moner. The degree of rounding of the pebbles is 
inversely proportional to the sise. Really spherical 
pebbles arc rare> but ellipsoidal and bun-shaped pebbles 
are common enough. The shape of a pebble must 
depend on the character of the rock from which it was 
formed; thus a sandstone or schist will give a disco Id al 
pebble with two more’ or less flat faces parallel Co Che 
bedding-planes; but a granite, a porphyry or a serpen¬ 
tine, being almost without structural planes, may give 
nearly spherical pebbles. Since the rounding of the 
pebbles is a consequence of the prolonged milling which 
they have undergone in the zone of wave-action, it Is to 
be expected that ooly the hardest or toughest of rocks 
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will survive. The commooe$( pebbles in conglomerate 
are of such rocks as quartzite, chert, jasper, vein>quarls, 
rhyolite and granite. Limestone pebbles are not often 
found in asscdatton with harder pebbles such as those 
just mentioned, but in some localities there are con¬ 
glomerates composed almost entirely of boulders and 
pebbles of crystalline limestone. Basic igneous rocks 
such as dolerjte and basalt are very seldom found ss 
pebbles in conglomerate. Mr. Lacnplugh has pointed out 
liiat in the gorge of the Zambeei river below the Victoria 
Falls great boulders of basalt are cornmon, but there are 
no basalt pebbi<.<( and no basalt sand. ’’ It seems as if 
the basalt blocks^ when once broken Into fragments, are 
8000 completely disintegrated." 

In the banket or gold-bearing conglomerate of the 
Witwatersrand the pebbles are entirely siliceouB> mostly 
vein-quartz but some of quartzite and chert. These 
pebbles have dearly suffered an extreme amount of mill¬ 
ing by waves and currents, since all but the hardest kinds 
have disappeared eompletdy, yet even In the banket it is 
rare to find a really round pebble, most of them being 
slightly ellipsoidal. 

The pebbles in a conglomerate are generally well 
graded, the larger beneath the smaller; this is the 
only kind of stratiheation that is possible in such a 
coarse deposit. But partings cf sandstone often lie 
between the pebble layers, and then the bedding is un- 
mistakeable. If the separatioo of sand and gravel has 
been complete, as it often Is on storm-beaten coasts, then 
the deposit will consist of pebbles In contact with one 
another^ the Interstices remaining almost empty. Con¬ 
glomerates having this character do not seem to be 
known, from which it would aeem that as soon as a gravel 
bed sinks below the zone of wave action the interstices 
are hlled by sand which seeps down from above. The 
spaces between the pebbles being filled In this way, the 
whole mass is eventually cemented together by silica or 
sometimes by lime or iron oxide. A conglomerate with 
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Siliceous cement is often so strong- that it will break 
through rather than round tTte pebbles. 

Fossils are very seldom 10 be found in conglomerate, 
but teeth and the enamelled scales of fishes are sontetimes 
able to survive the pounding of the pebbles. 

A volcanic conglomerate is something entirely dif* 
ferent from the conglomerates described above. It 
true that the name volcanic conglomerate Is sometimes 
given to an ordinary conglomerate in which the pebbles 
are formed of n volcanic rock, but the term is not needed 
in that sense, lly a volcanic conglomerate we mean a 
curious variety of agglomerate in which the boulders, in¬ 
stead of being angular, liave been more or less perfectly 
rounded by being tossed up and down in the thront of the 
volcano—a sort of cup-and-ball action. The matrix Is 
composed entirely of dust of the same composition as the 
balls. A volcanic conglomerate may look like an ordi¬ 
nary conglonterate, but Instead of being stratified It 
typically occupies a volcanic neck. The rock is generally 
a very basic one—basalt, melilite basalt, lamprophyre or 
peridot! te. 


(d) OaiT, ARKOSE AND OKAYWACKI. 

Grit is a coarse sand mostly formed of angular quarts 
grains, and arkoao is a kind of grit containing a great 
deal of fresh feldspar. Grit may form under any climatic 
conditions, but true arkose is a deposit of the arid regions 
where granite has been broken up by extreme changes 
of temperature and the fragments have suiTered little or 
no chemical alteration. Such deposits may be assorted 
by wind and occasions! torrential rains, but stratification 
is generally poor, although there may be current-bedding. 
Besides quarts and teldspor, garnets, magnetite and 
other hard minerals may be present in grit or arkose. 
The cementing material is commonly silica. 

Graywacke Is an old-fashioued name that is applied to 
certain peculiar sediments of the older Paleosoic systems 
of Europe. Graywacke may have as great a range of 
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composition and wxtore as sand atono does, but according 
to tbe German tisagv it is essentially a dark-Mloured 
grit, containing fragments of sebist, slate, quartzite, and 
sometimes scraps of dark mineraJs such as hornblende 
and chlorite. Tlie matrix Is a fine dust of similar com¬ 
position, which may be darkened by carbonaceous matter. 
Graywacke was probably formed under similar physicnl 
conations to arkose, but from dlfferenc matfrtaU. 

(e) Sandstone and guARx^siTs. 

The term sandstone Is applied to any rock the grains 
of which are not more than one or two mllllmotres in 
diameter. It li not nocessary that the grains should bo 
of quarts, though they are usnnily so; sands fortneJ cn> 
tiroly of shclhfragnicnts or grains of phospitorlte, gurnet, 
or magnetite are known. Quartz is the most abundtun 
constituent of llte great majority of aaitdatones, and some 
of them contain ulinoat nothing else; but many otJiur 
minerals play an important part in tiicse rocks, l^oldspar 
grains, which may be either orthoclaac or plagioclase, arc 
fairly common though they do not piny such a large part 
end are not so well preserved in subaqueous sandstones 
as in n terrestrial arkose. The latter rock Is so char' 
actehstic of weathering under arid conditions that it 
would be well If the name arkoie could he restricted to 
the terrestrial deposits, the sub-aqueous ones being celled 
feldspathle sandstone or sontething else. One of tlie moat 
constant constituents of the quartsose sandstones is mus- 
covite, in tiny silvery scales which show up strongly on 
the b^ding-planes. Garnets, magnetite and Nmenlte are 
also common; tourntahne and cpidote are more restricted 
irv distribution, and augite and hornblende are sporadic. 
Quite a host of other minerals can be detected by crush* 
jng sandstone and concentrating the heavy residues. 
Among these are rutile, anatase, zircon, apatite, stauro- 
Ute, kyanite, barite, tinstone, fluorite, monazite, pyrite, 
topaz. Glauconite Is an important constituent of the 
marine greensands. 
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In addition to these crystalJine fraginents there is 
generally a small proportion of the clay-silicates» and 
when this becomes important the rock passes through 
argillaceous sandstone into shale. Carbonaceous matter 
derived from plant>remains is present in some sandstones; 
and shell'fragments may be mingled with the mineral 
grains. 

The grains ol sand are generally well rounded, but 
with diminishing size the degree of rounding falls off. 
It is only grains that are large enough to be rolUd along 
by currents of water or wind that become rounded; 
particles small enough to bo lifted up and floated along, 
either aa dust in the nir or os hIU in water, do not become 
round, Tlie most poifecily rounded grains uro seen in 
desert sands, the moat ungular in river sands. Marine 
sands come between these, with the majority of the quartz 
grains at least suh-angulur to moderately rounded. 

The cementing materia! in marine sandstones is mostly 
calcite derived from shells, but it may be glauconite. In 
freshwater sandstones, which ere in general more argil* 
laoeous than marine ones, the cement is commonly 5 ay 
or limonlte. Desert sands and all very siliceous sands 
and grits have silica as the characteristic cementing 
material. This Is often deposited upon rounded quartz 
grains in such a way as to restore the crystalline form, 
and the aand then appeors as an aggregate of tiny quartz 
crystals. More complete cementing leads to the forma* 
tion of a quartzite, in which the grains fit together 
tightly, with fretted, interlocking margins and practically 
no interstices. Such a quartette breaks like a quartz 
crystal, with conchoid el fracture and glassy lustre. 
Gypsum is found as a cementing material about stlt*pans 
and in lagoon deposits. Bitumen is the cementing 
material of sandstones in certain petroliferous formations. 
Other minerals such as barite and phosphorite form the 
cement In sped^L cases, 

Sandstones are generally excellently stratified, and 
unless they have been quarczlclzed they split easily along 
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the bedding.pianes. The test cf spUtibg under the ham- 
mer is the easiest way of distinguishing a sandstone from 
a quarttite. False-bedding Is developed especially m 
seoUan sands and delta deposits. Fossils in sandstooe 
arc usually represented by moulds and casts, the original 
shell-subsunce having been dissolved completely away. 

(f) SlLTSTONi AKD LOSSS, 

The name sillstone has come Into use in rCcciU years 
to denote i-ocks which arc raiiicr too fine-grained to be 
called sandstone and do not quite hove the constitution of 
clay. The grains, which run from about ,05 to -005 mm. 
in diameter, arc lai'gcly composed of quartz, feldspar luul 
muscovite, with tourmaline, zircon, and other accessory 
minerals of rock hour, but thero is a smBlI proportion of 
clay silicates too. Slltstone Is the subaqueous equivalent 
of dusted loess. 

Loess (Idsi) is sometimes described smong the days, 
but both mineralcgicelly and texturally It is a silt rather 
than a clay. It holds little of the true clays»li«alos, and 
it is csseniially a deposit of dust or finu rock-ficur 
transported by wind. Some deposits which will satisfy 
this definition may be found in almost any country, but 
it Is especially in Iho semi-arid regionn to leuwnrcl of the 
great deserts thet thick deposits of loess ore found. The 
loess of China is locally more than n thousand feet thick, 
and it extends far up the slopes of mountains where no 
agent but wind could possibly have deposited It. The 
particles that compose loess are small, measuring a few 
hundredths to e few thousandths of a millimetre, and are 
highly angular. The minerals present are especially 
quarts, feldspars and mica, with calcitc and iron oxtdc.t; 
a small proportion of clay-silicates may be present in 
addition. There is so little cementing matter (except in 
certain layers where calcareous concretions ate largely 
developed) that loess can be rubbed down to powder with 
the fingers. The deposit shows little or no stratification, 
and no fossils are found except snail-shells and plant im- 


SEDIMENTARY ROCKS 


pressions. la short, true loess is a terrestrial silt, 
aocufflulaCing’ in seQii*arid regions, but there is no 
mineralogicaJ diifereoce between this and silt laid down 
under water. 
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CLASS IV—CRYPTO CRYSTALLINE AND 
COLLOIDAL ROCK.RESIDUES. 

Thij cIms includes the clays, mudstones, shalea and 
slates; It is canvenient to speak of them In genera) as 
elaytloMi. These rocks are characteristically formed of 
rock rot, the amorphous^ scaly and fibrous products of 
rock-westhering; but along with this material then is 
always a considerable proportion of very finely divided 
rock fiour composed mainly of quaru, feldspar and white 
mica- To identify these crystalline particles is not dlffi* 
cult if one uses a sufficiently high magnification; but Che 
microscope gives little help In tbe case of cryptO'Crystalline 
(scaly, fibrous) and colloidal (amorphous, spongy) matter. 
Chemical analysis of this sub^mieroscopic matter shows It 
to contain silica, alumina, iron oxides, smaller quantities 
of soda, potash, lime and magnesia, and between three 
and twelve per cent, of water; but since different clays 
hold different proportions of these oxides it Is clear that 
clay must be a mixture of various compounds, especially 
hydrous silicates and hydroxides. Alumina seems to be 
able to combine with silica and water in many propor¬ 
tions, giving rise to a scries of compounds which have 
the power of incorporating ions of the alkalies and 
alkaline earths. The principal aluminosilicates that are 
known to be formed by the decomposition of rocks were 
summarised In Chapter tX. 

Kaolin! te is the typical clay-silicate; it was formerly 
thought to be formed only under hydrothermal condl* 
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bat i:j now known to be produced oo a large scale 
by atmosplieric weathering, especiaUy under add condi¬ 
tions. Clays of the montmorillonlte group are also among 
the inore abundant products of atrnospberic weathering. 
Jn addition, chlorite, serpentioe and calcite are likely to 
be mixed in variable proportions with the day-silicates. 

In addition to aluminosilicates, the hydroxides of 
alumina and iron play a part in the constitution of many 
clays, especially in tropical and subtrcpical regions. 
Laterlte is a dark brown clay composed largely of these 
hydroxides, with some free silica and admixed silt. It is 
formed in great thickness in many hot countries and 
there is a voluminous literature about it. Bauxite Is 
nearly pure aluminium hydroxide with a composition 
approaching AI,0^,aH,0 It is regarded by some 
students as a dunmto mineral, but oChera hold it to be a 
mixture of amorphous diaapere and glbbsiie. 

The term clay, ihen^ has no very definite mlneralogical 
or chemical connotation. It is a popular term, not a 
scientific one, and all that it connotes in popular usage is 
an exceedingly fine-grained rock which has the property 
of plasticity when wet. The average graln-iise is less 
than .005 mllUmetre, the particles of true clay-substance 
being very much smaller than this. The property of 
plasticity is believed to be connected with fineness of 
grain, the most plastic days being excessively fine¬ 
grained, but not all days are plastic. When day is 
heated to more than 6oo°C. its plasticity is permanently 
lost. 

Almost every day rxntains some admixed rock fiour, 
consisting of minute partides of feldspar, quarts and other 
anhydroua minerals. It has been shown in the case of 
some Swedish days that this fraction is made up of alkali- 
feldspar and quaria in the proportion of two to one. Other 
detrital grains that have been identified in days are mica, 
epidote^ calcUe, rutile, zircon, sphene. Of the remainder, 
composing the true day-substance, part is soluble in 
add while the remainder is insoluble and sesma to be 
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made up of various aluminosilicates* including* mlca^ and 
chlorites. 

The detriUl particles in day are quite angular. 
There may be a complete lack of orientation, or the flatter 
partidea may lie in parallel position. Some clays are 
distinctly banded or laminated, the separate layers vary¬ 
ing from leas llian a millimetre up to one or two centi¬ 
metres io thickness. Each layer is silty in its lower part 
and carries the finest day at the top, where it Is followed 
immediately by another silty layer. These bands are 
called verves, and It has been possible to show, in Sweden 
and elsewhere, that the verves arc annual layers. 

Tlie characters of a day vary considerably according 
to the conditions of accumulation. Residual clays (those 
still lying In place upon the rocks from which they were 
formed) are impure and u net ratified, and they are gener¬ 
ally brightly coloured in consequence of complete oxida¬ 
tion of iron. Laterice and bauxite belong to this type. 
Lacustrine clays are bedded and often contain much car¬ 
bonaceous matter in the form of rootlets. Marine clays 
are well graded and laminated, perhaps because the 
particles had to sink through a considerable depth of 
water. The colour is often bright red, Indicating com¬ 
plete oxidation of iron; but If reducing conditiona pre¬ 
vailed on the sea floor then the colour is blue or black. 
A green colour may be due to glauconite. 

Glacial clays differ from other clays in having a larger 
share of fine silt io proportion to true day-substance. 
The best examples of varve<lays are glacial In origin. 
Volcanic clays are formed by the decomposition of vol¬ 
canic ash. Deposits of this nature have been recognised 
in several formations in America and have been called 
bentonite. The clay ta white or light grey, well stratified 
and fissile, and it swells up largely when put in water. 
It is essentially composed of fragments of devitrifled 
glass. 

Loess is sometimes described as an aeollan day* and 
it may be that some loess deserves such a description, 
but a great deal of what is called loess In Europe is just 
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a terrestrial silt or dust, as described in the last chapter, 
and has no claim to the tick of daystone. 

Shale and mudatone are consolidated clays, the former 
bein^ distinctly laminated and the latter not. During the 
consolidation ^ clay to shaJe there is a lose of three to five 
per cent, of water, involving a closer packing of the 
particles and a loss of plasticity. Some shales can be 
made plastic again if they are finely ground and 
thoroughly mixed with woter, but ^velti^g alone dees not 
restore shale to the state of clay. The consolidation 
Krnns in he nccompaniecl by some degree of cryslalli^n* 
lion of the omorphous base of the clay, which cements the 
particles together. The lamination of shale is a primary 
character, developed during deposition of the material; 
but the hssility of shale, or the property of spUiting Into 
thin sheets, is certainly increased by compression. Under 
tite microscope, scales of muscovite and chlorite and 
particles of quarts, ealeite and limonite may be recog* 
nised, together with needles of rutile, in a dark, structure* 
less background. 

Shales may be calcareous, doiomltic, bituminous, car* 
honaoeous or pyritic. By the oxidation of iron sulphides 
in shale, efflorescences of iron-alum are formed; such 
shniea ore called a!um-slmlcs. The average content of 
woter in shale Is about Ave per cent. 

Long-continued pressure, eapeclolly the tremendous 
pressure that accompanies mountain-building movements, 
brings about a still further degree of compacting and 
gives rise to a slate. There Is a further loss of water, 
coupled with a distinct growth of sericite and chlorite 
scales in the groundmass, so a alate has a more lustrous 
look than n shale> A still fuither stage of recrystalllsa- 
tion gives a phyllite, in which the scales of mica are large 
enough to give a glittering appearance to the rock. As q 
further consequence of compression, slates and phyllltes 
develop a very perfect cleavsge at a high angle to the 
direction of greatest pressure, and the original bedding* 
planes may be quite obscured. 


•78 


THE STUDY OF ROCKS 


SUGGESTIONS FOR READING. 

H, Ribs. Clays, their OccurTtnc*. Ffcperti$s and Uses. N«w 
York, ^7- 

F. Dixtv, Latsritieatifin in Sfsrra Lsane. Geol. Mag., tgso, 

B ail. 

. TwBKnoFFL, Frirtdpies of Sedimtntation, pp, 293 '318. 



CHAPTER XIV. 
METAMORPHIC ROCKS 

MlTTAKORPHIC ROCKS IN TK8 PIBLO. 

Metatnorphic rocka are those which have been ao 
change by the action of Iteat or pressure, aided some* 
times by magmatic fluids, that they can no longer be 
referred readily to their proper clasaei. 

By insisting on Che agency of heat or pressure we 
exclude from the group not only the products of weather* 
ing but also such rocks as dolomite and phosphorite, 
formed by transformation of limestone, and gypsum 
formed by transformation of anhydrite at low tempera¬ 
ture. These rocks are metamorphic In the literal aense, 
but they can be placed without dii!iculty In their proper 
classes in the sedimentiry division and It is better to 
leave them there. On the other handj we do not neces« 
aarily exclude cryacalUne limestone from the metamorphic 
division, since heating and compression are known to 
promote the recrystalllsation of calcareous rocks. Silice¬ 
ous rocks that are still in an early stage of metamorphism, 
such as elates and phylJites, many quartzites, also aer- 
peoticized peridotites, can be referred without difUculty 
to their proper classes and nothing Is gained by remov¬ 
ing them from these classes. There remain in the meta¬ 
morphic division the following kinds of rocks:— 

I. MyMtts or rocks which have been metamorphosed 
by crushing without recrystalllsation. 

II. Hornston$s (German Hornfelsen) or rocks which 
have been partly recrystaJUzed by the action of 
heat. 

III. CryjtffliM schiJtr or rocks which have been com* 
pletely recrystallised by heat and pra'^sure. 
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MVtONrTKS. 

The oame my Ionite or milled rock was given by Lap- 
worth to fine-grained, flinty rocks which have been pro¬ 
duced by crushing and shearing. Typical mylonitcs are 
banded or streaky^ cleavable ro^s composed of Indurated 
rock powder in whicli eyes of unorushed rock may per¬ 
sist. It is convenient to use mylonite as a general name 
for all metamorpbio lOcks which are characterised by 
crushing without appreciable reeryatalllnation. 

Belts of crushing have no necessary relation to the 
bedding-plane I or other original struotures of rocks; in 
general they intersect the beds at high or low angles, and 
in this respect crush-rocks resemble eruptive rather than 
sedimentary rocks. Indeed^ in regions of intense com¬ 
pression the crushed material may actually be injected’ 
into fissures in surrounding rocks. On the other hand, 
the fragmental character of many mylonites brings them 
loto closer relation with sedimentary than with eruptive 
rocks. It Is not surprising, then, that mylonites have In 
some cases proved most puzsiing to field geologists 
meeting them for the first time. In India, King nnd 
Foote encountered veins of a dense, black rock cutting 
gneiss in the Sslem district of Madras; they took It to be 
an igneous trap or basalt and .they described the whole 
complex of gneiss and black veins as " trnp-ahoiten 
gneiss." Thirty years later T. H. Holland showed that 
the supposed trap was composed of pulverized gneiss 
which had been fritted together by the heat generated in 
belta of crushing. The present writer fell into the same 
error wher> he first found dykes and veins of apparent 
basalt cutting gneissose granite in the Orange Free 
State. It was only by an elaborate comparison of 
material in diflerent stages of crushing, supported by 
chemical analysis of the granite and the vein-material, 
that he was able to show that the black rock wns just 
finely pulverized granite, compaoted by hcaf. The name 
pseudotachylyte " was given to this rock in view of 
its resemblaoce, in the thinner veins, to tachylyte or 
basalt glass. 
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The pseudo-wchylyte of the Oranpe Free State is 
A5S0ciat(^ vhch a ^at dome of granite which» together 
with the overlying sedimentary rocks, was raised up and 
strongly fractured in consequence of the intrusion of a 
younger magma beneath It. The veins of pseudo 
tachylyte shoot through the granite in a31 directions. 
They are most irregular in thickness and inclination; they 
brancli and inlersoet eacli other freely; and the wider 
veins arc crowded with rounded lumps and angular frag¬ 
ments of granite- The veins arc not confined to the 
granite but are found in nil the associated rocks, Includ¬ 
ing qtiarizUc, doleritc and ninphlboliie. Chemical 
analysis hns shown ihnt the pseudo-tncliylyte has In every 
case the anme chemical composition n% tlte rock that it 
cuts, thus it is clear that has nit piny a no part in Us 
composition. 

Jehu and Craig have described a remarkable belt 
of crushing which extends for seventy-five miles through 
tfie Islands ol the Outer Hebrides. In South Uist 
aixd Korth Uist the crush-zone has s well defined base, 
which is interpreted as a thrust-^ane along which a 
great sheet of gneiss lias been overthrust from east 
to west. The sole of the thrust sheet Is composed of 
p«euclo-ttchylyie» dipping towards the east at an angle 
of to 37^. The thickness of this sole Is in places m 
much ns a hundred feat» and it passes grndiially upwartl^ 
Into crushed and sheared gneiss which is Injected aitd 
veined with pseudo-tachylyte. On South Uist the width 
of the belt of crushed rocks exceeds two miles, and a 
second overthrust sheet, whiclt also has a sole of pseudo- 
tachylyte, is superimposed upon the first. 

In the San Andreas fault zone of California, Waters 
and Campbrll record a large development of mylonite, 
with "every stage in the demolishing of original coarse¬ 
grained rocks to an ultramicrosoopic paste." 

Pseudo-tachylyte seems to be formed only in very hard 
rocks which offer great resistance to crushing; under 
these circumstances so much heat is developed Aat the 
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rock-powder is all but melted. Softer rocks yield more 
easily and Uttle jieat is developed; but besides this, the 
character of the product must be affect^ by the presence 
Of absence of ground-water. It is likely that pseudo- 
tachylyte is formed when the rocks are dry; and that in 
presence of interatitial water the temperature does not 
rUe so hifh and the pulverized material tends to be 
reccystalUzcd without meliinff. Lamplugli has 
described belts of crush-breccia in a scries of slates and 
ffriti in the I lie of Man. The breccia, which is several 
hundred feet wide and extends for a dosen miles, consists 
of angular to rounded and lens-sliapcd or spindle-shaped 
fragments of grit in a slaty matrix. There is no sugges¬ 
tion of fusion, biK (here has been a little rc^ rystulllzuuon 
in the matrix of the breccia, and scales of lericite and 
chlorite have formed ai’ound the lumps of grit and along 
shear-planes. 

Recrystallizadon of the groundinass of a criish-rork, 
of which the beginnings are seen in the above instance, 
must ultimately produce a type of rock in which new cry- 
siallismion obliterates the evidence of crushing, Cases 
ore on record of the passage of a brecciated igneous rock 
into a completely crystalline schist. In the early stages 
one sees blocks of rock separated by mere films of scaly 
matter: then boulders scattered through a schistose 
matrix; and finally a completely schistose rock in which 
no uncrushed lumps remain. The breccia has become a 
mica- orchicrita-schist. 

KORNSTONRS. 

Horn stones arc typically developed in the contact 
zones about great igneous intrusions. A^lllaceous and 
calcareous rocks are particularly susceptible to thermal 
metamorphism and show a characteristic aeries of 
changes In the neighbourhood of an intrusive mass. The 
first change seen in a slaty rock is the appearance of little 
spots which stand out in relief on weathered or eroded 
surfaces. The spots arc centres of new crysinllization, 
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but it is very difRcult to make out what it is that is 
crysla)U2ing—perhaps andalcsite or cordieritc. Then a 
g;enersl recrystalUzatlon of the clay'silccates begins, lead* 
in^ in the first place to the appearance of minute scales 
of sericite which give a silky glitter to the cleavage planes 
of the slate. Later on distinct crystals of and^usite or 
cordierite develop, and the base of the rock becomes a 
^'ranulnr ai'grcgnte of quarls, feldspar and mica, often 
holding needles of sllllmanite or tiny garnets. Mean* 
while the fissillty of the slate has been obliterated and it 
has become compact, with an irregular, splintery, free* 
lure; it is now a I)ornstone. Most hornstonea are fine- 
ginineci rm'ks but wlien recrystalUzatlon has taken place 
under favourable conditions one may find a hornstone 
composed of Interlocking grains half a centimetre in 
diameter. 

Sandstones give quartzites by thermal metamorphism, 
and pure limestone gives crystalline morble. These 
rocks may be regarded at varieties of the genus horn* 
stone. Impure limestones, or limestones to which silica 
has been added by magmatic solutions, develop various 
colcium silicates such as wollastonite, d'epside, garnet cr 
vesuvianite, Qnd are then called Iime*silicate hornstones. 
It is time that this awkward name was replaced by some¬ 
thing more compact, and the word matmoriU Is sug¬ 
gested. Basic igneous rocks such as basalt and doleritc 
may also be recrystallized by the heat of nn igneous 
contact and pass, with loss of the original texture, Into 
granular diabas^hotnstone. 

The outstanding feature that distinguishes a horn- 
stone from a crystalline schist is the absence of any con¬ 
spicuous parallelism of the minerals. In general, the 
metamorphism of a hornstone is less advanced than that 
of a crystalline schist, and recognizable fossils, even of 
such delicate organisms as graptolites, have occa»onally 
been found in hornstones. 

The width of the metamorphic aureole about an 
igneous intrusion is variable and depends on many 
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factors. Largo intrusions cause more metamorphlsm 
rlian small ones, and acid eruptive roclcs seem to be more 
effective than basic ones; on the other hand^ some sedi¬ 
mentary rocks are more susceptible to meUinorphism than 
others. When different kinds of rock appear successively 
in the contact aone it will be found that the metamorphie 
aureole is much wider in slates and limestones than in 
sandstones or igneous rocks; and when the chemical com¬ 
position is (he same, a porous rock is more strongly 
affected than a compact one. The shape of the intrusive 
mass is also Important. If it is dome-shaped and dips 
Qi a low angle beneath the country rocks then the out' 
crop of the hornstone zone will be wider than in'the case 
of an intrusion with nearly vertical walls. Again, where 
the contact surface cuts ocross the bedding-planes of tlie 
country rocks the metamorphie aureole is wider and the 
metamorphlsm la more Intense thon where the contaci 
surface coincides with the structural planes. 

cRYSTAurxft acHtrra 

The crystalline schists are the products of rccrystal* 
lizaiton under directed pressure (stress^. When crystals 
grow under stress the rate of growth is greater at right 
angles to the direction of stress than in that direction. 
This is a consequence of the fact that most solids dis¬ 
solve with diminution of volume, from which it follows 
that their tolubility is increased by pressure; thus the 
solubility of a crystal which is exposed to stress is 
greatest in the direction of stress and least in the direction 
perpendicular to the stress. Conversely, the rate of 
growth of a crystal under stress is least in the direction 
of stress and greatest in the perpendicular direction. A 
pretty demonitrailon of this was given by F, E. Wright, 
who prepared cubes of glass having the composition of 
wollastonite and other silicates and allowed them to 
crystallize under pressure. When the pressure was ap¬ 
plied in one direction only, the crystals were found to be 
elongated In planes perpendicular to that direction; 


MBTAMORPHiC ROCKS 185 

when the pressure came from two directions at once, the 
crystals grew along parallel lines perpendicular to both 
directions of pressure. 

The structures developed in the crystelline schists 
clearly reflect the influence of stress during iheir growth. 
In the commonest case, minerals of a scaly habit such as 
the micas, ^loritcs, talc, graphite and hematite, and 
fibrous or prismatic minerals such as tremoUte, actiooliie, 
wollastonite, kyanite, sillimanlte and epidote are dis* 
posed in parallel planes throughout the rock, indicating 
one direction of maximum compression. In the rarer 
case of two stress-maxima the prismatic minerals aJI lie 
with their long axes in the direction of least resistance. 

The mioerals tliat are most characteristic of the cry- 
sulline schists have nearly all got one and sometimes two 
directions of perfect cleavage. In minerals of a tabular 
liabit the cleavage is parallel to the broad face; in pris¬ 
matic minerals the cleavage Is often parallel to the long 
axis. Thus the parallel arrangement of the commonest 
minerals in a schist involves parallelism of their cleavage 
directions, with the result that all typical crystalline 
schists split euily into thin leaves which have the lustre* 
of cleavage planes. 

The name gntiss is given in Germany to tlie very 
fcUlspathic varieties of the crystalline schists. A mus¬ 
covite* or biotite-gneiis may hold so much alkali-feldspar 
that except for ita foliatiori it can hardly be distinguiahed 
from a granite; Indeed, the boundary between the true 
granites and the granitic gneisses is one of the most In* 
deflnite boundaries In petrology. But many gneisses 
have t streaky appearance due to the dark minerals being 
largely confined to streaks and lenses (German Fforar- 
gtisisr); and others consist of alternating layers of lighter 
and darker colour, the pale bands being more quartsose, 
feldspathic or calcareous than the dark bands (German 
lafangneist). Some writers, especially in America, 
restrict the name gneiss to these banded rocks. 

In another variety of gneiss some of the constituents 
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form almond-shaped eyes In a schistose matrix (Byed- 
^nass; German Aug$n^nsis4}. Each eye may be a slng'le 
crystal of feldspar or ^rnet but It is more frequently 
an ag^egate. The eyes are in most cases relics of the 
original structures of the rock; they may have been 
pebbles in a conglomerate, fragments in a breewa, or 
inset I in a porphyritic igneous rock; but it la not un¬ 
likely that some of them, especially the garnet eyes, have 
been formed by growth In place. 

Irtjiction-gntiss or migmotifs Is formed when igneous 
matter is injected in thin sheets between the beds or 
laminsB of a sedimentary rock which is concurrently metii- 
morphosed Into a schist; or when an eruptive magma 
Incorporates so much metamorphosed sedimentary matter 
that the mass soildlhes with a strongly banded or 
laminated texture. Injection-gneiss Is often developed 
about the margin of a granite bathollth. A aone of 
injectlon-gnelsi It beautifully exposed on the sea-shore 
near Cape Town; it was first noticed by Charles Darwin 
and it is an object of pilgrimage for all geologists who 
Walt South Africa, Injectloa-gneiss In the north-west 
Highlands of Scotland is graphically described by Horne 
and Greenly, and splendid examples have been described 
by Sederholm In Finland. 

Crystalline schists are exposed on a grand scale in all 
the ancient, relatively stable blocks of the earth-crust, 
such as Laurentia, Fenno-Scandla, India, Brazil, central 
and south Africa and western Australia. But meta¬ 
morphism is not a function of geological a^, for there 
are younger crystalline aehisls, in no way diEcrent from 
the Archaean ones, which appear in the great mouninin 
chains and can be traced into Paleozoic and Mesozoic 
sediments outside of the folded region. Silurian 
irikbites have been found in schists in Norway, 
Jurassic belemnites in Alpine schists, and brachiopods 
in garoet-mica schist id New Hampshire. True crystal¬ 
line schists, as well as hornstones, are developed in the 
contact zones of many great*igneous intrusions. 
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T)IB SPl^Al, MINRFALS OP PAm AMOKPHIC KOCK$ 

The most abundant minerals of the metamorphlc rocks 
are the same as those of eruptive rocks, namely, quartz, 
feldspar, muscovite, biotlie and hornblende. Garnets arc 
commoner in metamorphlc then in eruptive rocks, but 
pyroxenes are much scarcer. Tourmaline, sphcne, zircon, 
apatite, epldote, corundum, magnetite aod hematite are 
Other Igneous minerals which reappear in metamorphlc 
rocks. 

Of the feldKpurH, orilioclasc or iiucroulinu and a1 bite arc 
the commonest, together with microperthlie. All mem¬ 
bers of the plag^oclase series may be found but the com¬ 
monest is olig^ase. Pure anorthite occura in some 
limc*silieate hornstones (marmorites). A curious feature 
of Ihc plagioclAsc crystals in metamorphlc rocks is that 
w]ien they show a zonal structure the order of the soncs 
is often the reverie of that seen in eruptive rocks, albitc 
predominating m the eore a)i(1 anorthite in the mantic. 

The characteristic minerals of metamorphlc rocks are 
summarized below. 

(a) .41umineur group, 

Andalusiti, sillimanU$ and kyanitt are typical pro¬ 
ducts of the metamorphism of argillaceous rocks. All 
three have the same empirical formula, Al^SiO^, but they 
differ greatly in appearance and properties. Andalusite 
forms nearly square prisms belonging to the rhombic 
system aod is distioguished under the microscope by Its 
pink to colourless pleochroism. It is particularly common 
tn contact metamorphism, especially the variety called 
chiastolICe, which contains carbonaceous enclosures 
arranged in a cruciform pattern. Kyanlte forms beauti¬ 
ful blade-like crystals with a fine blue colour; it is only 
found in crystalline schists. Sillimanlte forms colourless 
needles in many Komstones and schists. 

Cordiorits has the composition 2(Mg,Fe)0,2AI,0,, 
55iO,. It is common in hornstones and Is sometimes 
found io granite near a slate contact. It often has 
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a cloudy blue colour but k is in other respects remarkably 
like quartz and very difficult to distinguish from it. A 
common microscopic character is tbe occurrence of 
yellow haloes around minute enclosures. 

^taufokte has the empirical formula HjO,FeO,aAI,Oj» 
sSiO,. It forms rhombic prisms and cruciform twins 
of modeUlike sharpness. The colour of the crystals is 
brown; under tbe microscope they are pJeochroic in yellow 
and red. 

CklofUoid belongs to the group of the " brittle 
micas.” which are intermediate in their properties between 
the micas and the chlorites. The crystals show pleochro* 
ism from green to indigo-bJue, and are hard enough to 
scratch glass. The formula of chloritoid may be written 
H,O.FeO,AI,0,.SiO,. * 

The Spiml family includes ruby spinel, MgOpAI^O^, 
which forms pink octahedrons in some crystalline hme* 
stones, and pleonasie in which the place of magneala Is 
taken by ferrous oxide. 

Altnandint is the name given to the iron-aluminium 
garnet, ^FeO.AI^O^^SiO^, which is the common variety 
^ garnet In t^e crystalline schists and hornatones. Tl>e 
crystals are generally well-developed rhombic dodecahe¬ 
drons or trapezohedrons, and crystals of large aize, even 
two or three inches in diameter, are not uncommon. 

(b) Calcarsous group. 

Grosauiaritt is the lime-alumina garnet jCaO^AI^O^, 

i SiO,. It is often formed In lime-silicate hornstones 
marmorites). It is usually yellow or pink, but when 
ferric oxide replaces some of the alumina the colour 
becomes dark brown (the variety andfodito). 

Vtsuvianili is a complicated silicate of lime and 
alumina, containing also the rare element beryllium. It 
is often associated with grossularite in marmorites. It 
crystsHizes in tetragonal prisms. 

ScapolUe is the name of a series of solid solutions 
between a soda-rich member which is equivalent (in an 
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ariihm«icaJ wnse only) to 3 molocules of .Ibiio plus ono 
of NaCi, and a lime-nch member which is arithmetically 
equivalent to 3 molecules of anorthite plus one of CaCO ^ 
Scafwlite 18 formed particularly by the metamorphism of 
plagioclase feldspars and is found in crysttinne schists 
and amphibolites, but also In metamorphosed limestones 
(marmoriCaa), 

Zoisitg has the coraposiUon H.O,4CaO,3ALO.,6SiO 
It IS a prismatic to fibrous mineral formed by meta- 
morphism of plagloDlase. EpidoU differs from solaiie bv 
having ferric oxide in place of part of the alumina; it is 
recognised in ihin sections by its picochrojam from yellow 
to colourless. ^ 

U/dhisiouilc Is simply on Ir jura me la silicate, CaSiO, 
l( IK n fibrous i<> prismatic mineral often formed bv the 
ilKTiniil mcinmorplilsra of limestone. 

(c) Magntsian group. 

FofUmto or magnesian olivine, Mg,SiO., ia formed 
by thermal metamorphism of magnesian limestones. It 
readily takes up water and passes into fibrous sorpontino 
3H,0,3Mg0,sSi0.. The green colour of this mincraJ is 
due to a little ferrous oxids replacing pan of the 
magnesia. . 

7 aio is a very soft mineral forming apple-green or 
Silvery scales. The massive form is known as soaostone 
Formula H^O,3Mg0^4SiO,. 

CMorilt lithe name of a group of dark green, micace¬ 
ous minerals which are the commonest constituents of 
basic schists. A typical formula it 4 H. 0 ,s(Mg,Fe) 0 , 
Chlorite is distinguished from biotlte in 
thin sections by its very low interference colours. 

rrsmofits, octifioiits and antkopkylltto are fibrous 
amphiboles. Antbophyllite is (OHbMg.Si.O,, and 
tremolite is {OH),CajMg4Si,0„. ActinoUte Is a bright 
green variety of tremolite containing ferrous iron. 

Brudio is magnesium hydroxide, Mg(OH),. It forms 
soft, silvery scales in some altered dolomites. Periclase 
IS magnesium oxide, MgO. 

»3 . 
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TllR CUSSIFICATrON OP MBTAJtOFl'HrC ROCKS. 

The siady ol metamorphism has advanced greatly 
since ZirkeVd time, but it cannot be said that there has 
been any corresponding advance in the systematic treat* 
nunit of meininorplili* t-oc’ks. Zhlrul's system was simply 
an eraraerallon of mincralogical and textural varieties 
under the general licads of gneiss aiul scliisi, or fcUI- 
spatlnc and non-fcldspnthic. The horn stones, <iunrt*Ucs 
and crystalline limestones were not placed beside the 
crystalline schists but were described separately in con* 
nection with the eruptive rocks that gave rise to them. 

Rosenbusch made no advance on ihi«, though he 
condensed Zirkel’s grtups into a smaller number of 
famillei wJjich show some community of mlneralogical or 
chemiciU characters. The families of Roseubusch's 
system are as follows s— 

(]) Tha family of gneisBes. 

(а) .,injca-ichjits. 

(3) n if M talc-Bchiits. 

(4) ,, „ „ chlorite-achista. 

(5) ,, ,, „ amphibole and pyroxene rocks. 

(б) „ ,, „ serpentines. 

(7) Rocks of the lime series (metamorphosed lime* 

atones). 

(8) Rocks of the magneBia series (metamorphosed 

dolomites). 

(9) Rocks of the iron series (metamorphosed iron* 

stones). 

(10} Emery. 

U. Grubenmann was the first to treat metamorphic 
rocks on a purely chemical basis. In his book Oie 
ibryateiZmsn Schisf&r (1910) he adopted Osann's method' 
of computing rock analyses (now generally replaced by 
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f^i|rg>u*9 method, see p. 46) end set up twelve funds- 
mentnl groups of meUniorphic rocks, as follows: — 


t 

3 

4 

5 
(6 

V 

(B 

(9 


10, 



Alkali-feldspar gneiss 
Aluininium-silicate gndes 
Plagioclase gneiss 
Bclogite and amphibolite 
MagDesium-silicate schist 
Jadeite rocks 
Chloromelanite rocks 
Quarislce rocks 
Lime-sllicnte rocks 
Marbles 

Iron-oxide rocks 
Aluminium-oxide rocks 


Within each of these twelve groups three orders were 
set up which indicate the physical conditions under which 
nietamorphism is believed to have taken place; whether 
those of the upper, the middle, or rhe lower zone of the 
earth-crust. Further subdivision takes place on a 
mineralogical basis. 

In Die Oistfinsm$tamorfho$d (voh i, 19 S 4 )» Grabon* 
xnann and Nlggll collaborate in a revision and elabora¬ 
tion of Grubenmann’s earlier work. The first volume 
contains a great quantity of new physical and chemical 
data bearing on metamorphlsm, and Osann’s method of 
computation is given up in favour of that of Niggli. The 
second volume is still awaited, 

The chemical method of classification has the grest 
practical disadvantage that one cannot think of a rock In 
terms of the arithmetical proportions of oxides; one can 
only think in terms of minerals. In the case of eruptive 
rocks a chemical cUsslficatlon is justified to a certain 
extent by the existence of hypocrystalJine and vitreous 
rocks which cannot be classified 00 a mineralogical basis; 
but with the exception of tbe pseudo-taebylytes and other 
rare rocks which have been sintered by heat, all mets- 
morphic rocks are hoIocrystalUne and the great majority 
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are quite eoarse-g'rained. Grubenmann’a twelve groups 
could be defined just as accurately and far more usefully 
in terms of minerals instead of oxides. 

V. M. Goldschmidt in his great study of Die 
Kontektmetamorphose im KrisUaniagehUi ({911) rightly 
maintains that a petrographic system whl^ makes any 
claim to be a natural system must consider the ocfunf 
mineralogicaJ composition in the first place/' Gold* 
schmidC's own prc^ure is based on the application of 
the phase rule to the study of metamorphism. This rule 
tells us Chet in a system of n components which is stable 
under variations of temperature and pressure (as ail 
natural rocks are within certain limits) the maximum num¬ 
ber of phases that can exist in equilibrium is the same as 
the number of components. Thus a rock containing only 
the three components silica, alumina and magnesia can* 
not hold more than three minerals, provided that equili* 
brium has been attained. From these three components 
the following phases (minerals) can be formed: quarts, 
corundum, pariclase, andalusite, enstatite, olivine, spinel, 
cordlcrite. Sets of three minerals can be chosen in a 
large number of ways, but certain associations arc Incom¬ 
patible; for instance 


quarter corundum 
qusrta+periclasc 
enstatite + periclase 
oIivine*l> quartz 
corundum 4 periclase 
spinel + quarts 
olivine + s ndal u sife + qua rtz 


B andalusite 

^enstatite or olivine 

■olivine 

■ enstatite 

■spinel 

■cordierits 

■cordierite 


enstatite andalusite •f>quartz ■ cordierite 


When all such cases have been eliminated, there remain 
as possible combinations of the eight minerals named 
above only the following 

(i) olivine, andalusite, cordlente 
(a) andalusite, quarts, cordierite 
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(3 eo$ta(ite» quart?, CQrdierite 
(4 enstatite, andalusite, cordierlte 
(5 enatfttite, olivine, cordlerite 
(6 ensiatiio, oUvine, andalusite. 

But in all comn^oo varieties of shale and slate there 
is an abundance of quarta, so the systems containing 
olivine are excluded In practice. Case 4 also becomes 
impossible if quartz Is added, for then the number of 
phases exceeds tlie number of components; the reaction 
cnsiatitc + andalusitc + quartz*cordierlte acts in until 
either enscatitc or andniusite is used up and there remains 
mdy andalushe 4’cordicrlto +quarts or enstatite+cor* 
dloiiie*** quarts. Since most shales and slates hold more 
alumina than magnesia, it i? chiefly the combination 
ondalutlte<ordieriie*quari? that occurs in nature. 

If soda Is added to the components it combines with 
part of the alumina and silica to form albite, thereby 
reducing the quantity of nndaUiaitc and quarts. If pot* 
ash is added it may form either orthoclase or muscovite, 
the latter using up relatively more alumina. Potash can 
also bind magncslii in the form of blotite. With the 
addition of lime the matter becomes still more compli* 
cated, and it is only by making a number of simplifying 
oisumptions of doubtful validity (for instance, ignoring 
Lhu presencu of cumGtned water and considering 
(Mg,Ke }0 as a single component) that GoIdKhmidt is 
able to establish his contention th&t all the possible typea 
of hornstone that can be formed from more or less cal¬ 
careous day-slates fall Into the following groups (which 
are arranged In order of increasing CaO) 

(x) Quartz-biotite-andalusite-cordierits-albite horn' 
stone. 

(9) Quartz-biotlte.andalusite^rdlerite - plagioclasc 
hornstone. 

(3) Quartz-biotite-eordierite-plagiodase hornstone. 

(4) Quarts - biotite-cordierlte • plagioclase - hyper- 

stheoe hornstone. 

(5) Quartz-biotite - plagioclase - hypersthene horn¬ 

stone. 
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(6) Quartz-bwtite-plagMase • hypcrslhcne • diop- 

eide hornstone. 

(7) QuarW-biotht-plagiociase-diopside hernstpnc. 

(8) Grossularitft*plsieiocltse-dJopsid« hornstone- 

(o) Qro8Su)arit«*diopsldc hornstone. 

(lo) GrossuUnte-wollaslooitc • vesuviflnite • diopside 
hornstone. 

To the above types, wJuch ore mostly quartz-bearing, 
C. E. Tilley adds the following silica-poor assemblages, 
sdl of whicla arc realised in naturecci'dicriic-andalusite- 
spinel, cordierite-enstatlte-splncl, corundum - cordjcriic- 
apinel, corundum-spinel-andalusite (or slUlmanite or 
kyanite|, corundum-oordlerite-andaluilte (or slllimanite or 

^^^The method of Goldschmidt undoubtedly holds the 
germ of a radonal classlftcatlon of met amorphic rocks, 
but Us extension to the crystalline schists presents an 
immensely difRcuU problem. 

P. Eskola (J91S1 19a IJ. Since the diaracier of t 
mcraraorphic rock irmac vary according to the mtensUy 
of the factors causing metemorphism, Ivskoli introduced 
the concept of tnefaraurphic fuchs. Mhieh he explained 
in these woids r n inclnmorphlc facies includes rocks 
v'hich may be supposed to have been inetamorphosed 
under identical conditions. For example, an argillaceous 
rock of definite chemical composition may give rise, under 
one set of conditions, to an andalusitc schist, and under 
another set of conditions, to a slllimanite schist) these 
products belong to different mctamorphlc facies- On the 
other hand, two rocks of different chemical composition, 
such as a slate and an impure limestone, If metamor¬ 
phosed under identical conditions, may form respectively 
a quarCs-ccrdierite-andalusite hornstone and a grossu- 
laritc-vcsuvianltc-iliopslde rock; and these very different 
end-products belong to the same )netamorphlc facies. 

In his latest discussion of the facies principle, Eskola 
described eight importanC metamorphic facies which he 
called the sanidiniu facies, the hornfels facies, the amphi- 
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bolite facies, tbe e^dote*ainphibolite facies, the g'reen* 
schist facies, the ^raoulite facies, the eclo^te facies, and 
Che g'laucopbane-schist facies. Space does not permit us 
to describe the characters of these facies, but somethiDg 
may be gathered from tlieir names. There Is no doubt 
that the concept of mctamorphic facies is important, but 
U does not by itseU furnish a classification of rocks, 
since, as v/o have seen, n single fades mey embrace rocks 
of very different mineralogical composition. Eskola 
recc^nized this nnd said that " tlie most naturni nomen¬ 
clature in the fncics system would be one wliere every 
reek name would be composed of two parts, the former 
representing the typical mineral conatjtuenu and the 
latter the facies/’ No such nomenclature has yet been 
vhiborated. 

British petrologists liavc used the term mttamor^hic 
^rad 9 rather than facies, and have preferred to charac- 
U'rlse each grade by a single mineral rather tlmn a rock 
type. Thus in the Highlands of Scotland it has been 
possible to distinguish Che following meumorphic grades 
in n series originally composed of argillaceous sediments: 
chlorite grade, blolitc grade, almandine grade, staurolitc 
grade, kyanitc grade, sllllmanitc grade; the last repre* 
renting the highest grade of metamorphism. 

N. L. Bowen has shown that in the thermal mete- 
morphism of siliceous limestone and dolomite, the follow, 
ing ten minerals succeed one another with rising tem¬ 
perature: tremolite, forsteritc, diopside, pcrlelaae, wol« 
lastonite, montlceUite, akermanite, ipurrite, merwinite, 
larnite. 

In these studies ones sees the germ of a genetic classi* 
'ficacion of metamorphic rocks, but It will be long before 
the details can be worked out. 

The system used in this book. In the following 
chapter we shall describe the metamorphic rocks under the 
three headings of (i) my Ionites, (s) hornstones, (3) crys¬ 
talline schists. In view of the very large number of 
mineral associations Chat occur among tlic crystalline 
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schists we must adopt some rational method of subdivid* 
ing that group, lo the first edidon of this book the 
writer tried the esiperiment of reducing the crystalltne 
schists to four types based on the molecular ratio of 
alumina to other basic oxides, as he had already done In 
tlie case of the eruptive rocks. Dui adherence to an 
arbitrary set of ratios introduced certain discrepancies 
between (he types set up on this baais> among the erup* 
tive rocks, and those suggested for the crystalline schists, 
although the same names were used in each ease. These 
discrepancies relate especially to the mioernls biotiie, 
tourmaline, and hornblende, In each of which the alumina 
ratio Is extremely variable. It seems advisable to make 
a small adjustment of the system in order that these 
minerals may have the same significance, front the point 
of view of classification, wlieiher they occur in eruptive 
rocks or In metamorphics. 

The four type* ^ crystalline schist wlilch it is pi’o* 
posed to recognise are: — 

Tlie ptreduntinoui type. The possible minernis arc 
tlie asme as In the peraiuminous type of eruptive rocks, 
that Is, corundum, muscovite, biotlte, tourmaline (but 
nut the Almindlne*spc6sartite garnets, which are of 
negligible Importance In eruptive rocks); with the addi¬ 
tion of the mctsmorphic minerals aodalusite. aillimanite, 
kyanite, stauroDie, dumorticrite. In these minerals the 
molecular ratio of alumina to other basic oxides is greater 
then 1 ! I, with bictite as an exception. 

Tlie milaluminous type. Possible minerals are the 
aluminous amphibolcs, epidote, and mellilte, with the 
addition of cordiente, chloritold, scapolitc, zoisite, 
chlorite, and the garnet group. The molecuitr ratio of 
alumina to basic oxides, in these minerals, ranges from 
I: t to 1:5, but is usually less in hornblende. To this 
type we may also attach those rare rocks which contain 
a peraiuminous mineral together witli a subaluminous 
mineral, as kyanite with pyroxene, corundum with antho* 
phyilite. These associations probably Indicate failure to 
attain equilibrium. 
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The #ubaiumino^w type. Possible mioeraJs are the 
ortho- and clino*pyroxencs and olivine, with the addition 
of the non-alunitnous amplViboles (anthophyllitet act>n> 
lite, etc.), talc, serpentine, and mai'nesite. Alumina is 
absent or neg^lig'lblc. 

The pstalkaline type. Tlie characteristic minerals of 
this rare type of rock are jaddte, and ^laucophane, in 
which alumina Is combined with soda. 

These four types of rode arc not sharply separable; 
for example, a pernluminous schist may contain a minor 
quantity of a mineral of the mctaluminous group, as 
sillimnnite'garnct gneiss; and a inetaluminous schist may 
hold a little of a subaluminous mineral, or vice versa, as 
in the case of a garnet<ristntitc rock. In spite of this 
defect, the separation of these four types of erystsUine 
schist is a step in the direction of bringing together rocks 
of similar chemical character. 
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CHAPTER XV. 

MliTAMORPHIC ROCKS-DESCRIPTION 
Class I —Mylonitbs. 

Wlien & mawive rock yield* to stress the first result is 
the production of a network of cracks which intersect at 
hlffh and low angles. The cracks tliemselvcs arc partly 
occupied by pulverized rock, nnci in the meshes o£ the 
network the blocks of rock are uncrushed and anguJar in 
shape. If Che strain is fully relieved, matters will remain 
like this with the exception that in course of time the 
cracks will be healed by introduction of eilica or some 
other cementing: material. The rock Is now & fault 
breccia. If further movement takes place, the angular 
blocks wil) gradually be reduced by abrasion, the propor¬ 
tion of rook powder will be increased, and the boulders 
may become rounded or spindle'shsped. A rodt in this 
stage of crushing is sometimes called a crush-eon* 
glomcrnLe, If movement still goes on the boulders will 
be broken up more and more, but some of the tougher 
fragments will survive as eyes or lenses in the crushed 
matrix, and the matnx itself will gradually change its 
character in one of two possible ways. Either it will 
begin to recrystalHie, developing scales of mica and 
chlorite In tlie planea of movement until the rock has the 
character of a crystalline schist; or it will be milled down 
to Aner and finer grain, with development of heat, until 
the rock becomes compact and flinty or seml-vitrlhed, 
forming a flinty crush-rock or a pseudo*tacbyIyte. 

Flinty crush-rock, as its name suggests, Is compact 
and flint-like and Its true nature may be quite unrecog¬ 
nizable in the lump. Under the microscope it is seen to 



METAMORPHIC ROCKS 199 

be composed of a btg'hly compacted rock dust. The 
larger fragments are of quartz or feldspar and they may 
be angular or rouoded; the smaller fragments form 0 
streaky matrix of quarts 1 feldspar, blotite, hornblende, 
etc., which (lo^YS around the larger ones. In a typical 
llioty crush-rock there is no sign of melting; but if much 
heat is developed by friction then the grains become 
welded together to form the siructureless and nearly Iso- 
tropic material that has been called pscudo-tachylyte. The 
rock to which this name was first given in the Orange 
Free State is a dense, black material full of irregular 
scraps of quarlx and feldspar and larger, well rounded 
lumps of granite. Under the microscope the base 
polarises in very dull greys, and dlfTerenc parts extin¬ 
guish In different positions, but no distinct structure can 
hti rucognittd and there is no resemblance to n powder. 
The dark colour ia due to a multitude of minute specks 
of magnetite which have been liberated by decompositicn 
of blotitc. The larger fragiviBnls of quaria jind fcldapm- 
are much cracked, the quarts grains In particular show¬ 
ing a minute mosaic structure between crossed nlcob, 
and their margins have a fretted appearance as if ihvy 
hud bren con^oded by tlu' matrix. Some of the feldspar 
grains fade away into streaky^ cloud-like patches which 
accm to Indicate octual melting of feldspar. Here and 
there Arc ligiis of rccrystalllzation in the matrix, 
leading either to swnrms of tiny green prisms which seem 
to be hornblende or else to spherulites and mlcrolites cf 
feldspar. 

The pseudo-tachylyte of ^e Outer Hebrides repeats 
every feature of the South African rocks, Including the 
half-mcitcd feldspar grains, the powdery magnetite, nnd 
the occasional development of spherulites and mlcrolites 
of feldspar, 'fhe veins In the trap-shot ten gneiss '* of 
Madras are described by Holland as an indurated black 
(hist through which fragments of quartz and feldspar are 
disseminated; they seern to be less completely welded than 
the pseudo-tachylytes described above. 
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The myloniies of the San Andreas fault sons exhibit 
every stage of crushing, from a coarse breccia down to 
an ultramicrosc^Ic powder with '' eyes ’ * of feldspar, 
Rarely the groundmass is almost Isotropic and then it 
shows flow structure and resembles volcanic glass; but 
the refractive index of this material is always higher than 
that of Canada balsam, whereas a true glass pr^uced by 
melting the powdered rock’in the crucible has an Index of 
only i.S5> Examination of pseudo*tachylytc with X-rays 
indicates the presence of minute crystalline grains but 
does not positively disprove the presence of a UtUc inter¬ 
stitial glass. 

Class tl—HoaNsroNss, guAUTzirits and marmorites. 

These rocks nre products of thermal metamorphism. 
Mornstones are formed especially from claystones but 
also from tuffs and lavas; quartzites from sandstones, and 
Ume*sillcate rocks (marmorites) from limestones and 
dolomites. 

There Is no justification, on mineraloglcal grounds, 
for separating the hornstoncs from the crystalline 
schists, for no mineral is found in hornstones that does 
not also occur in sphists. The main difference between 
the two classes of rocks is a textural one, typical horn- 
stone being a fine-grained or dense rock requiring the 
microscope for its study, while most schists and gneisses 
are so well ciystallized that all the important constituents 
can be identified with the naked eye. Another point of 
difference is the general absence of schistosity in the 
case of hornstoncs. If a certain degree of parallelism is 
observed emong the mica scales in a hornstone, this is 
more probably a relic of the lamination of the original 
clay stone than a sign of crystallisation under stress. In 
short, the horn atones as a class show a lesser degree of 
recrystallization (lower grade of metamorphism) than the 
crystalline schtats, and U is often possible to recognize 
in the field, at no great distance, the unaltered rock from 
which the hornstone was formed. 
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The horns tones are dark grey, often somewhat 
lustrous rocks, usually without flasility or lamioation, 
breaking- wth an irre^lar, splintery fracture. Most of 
them are fine-gramed, the average sise of the parUdes 
being only one or two tenths of a miJKmetre. Under 
the microscope such a rock is seen to be made up of 
grams of uniform size which interlock dosely and seldom 
show any crystalline form. The grains are typically 
poikilitic or s.eve.hke, that is, they are crowded with 
little enclosures which produce the appearance of holes 
m a sieve. These characters, taken together, constitute 
typical liornslone structuic.’' Rut there is another 
type 0 hornitone which is strongly pcrphyrilic, certain 
jndnluslte is the commonest, forming 
isolated, well shaped crystals many times larcrer Uian the 
average gram of the rock. It is not known what Is Die 
cause of porphyntic texture, but Goldschmidt remarks 
that the largest insets of andalusite and cordieriie arc 
round in rocks that contain much carbonaceous matter 
A very common constituent of hornsfoncs is quaru.’ in 
interlocking grains that show sieve-structure. Ortho- 
c ase is also poikilitic and lacking crystal form, but 
plagioclase may be idiomorphic, especially if it Is enclosed 
m quart*. Biotite of a brown colour is another very 
common «nstltuent, often making up a third of the rocic 
It forms little tables and scales which may be poikilitic or 
nearly free from enclosures. Andalusite forms cither 
shapel^ess, poikilitic grains or larger prisms which give 
lath-shaped sections parallel to their length and rhom- 
boida^ cross-sections- Pleochroism ^ generally recog. 
oizable m some parts of the crystals. The large insets of 
andalusite may be several centimetres long and they con¬ 
tain carbonaceous enclosures (chiastoliie). Cordieritc 
forms shapeless or rounded graios; they are distinguished 
from quartz grains by the presence of minute enclosures 
a^uf which there are yellow pleochroic hsJocs, and by 
the twinning which becomes apparent when the nicols are 
crossed- Bach crystal is a penetration trilling, and the 
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different segments extinguish lu different positions. 
Pyroxenes and amphiboles {diopside, iiypersthene and 
green or brown hornbJende) occur in the less common 
kinds of hernstone; they tend to form jdiomorphic prisms 
and grains which enclose quart*. Tourmaline is a 
common accessory mineral In many hornstoncs, especially 
close CO the contact with granite; and magneUte tod 
rutile are almost always present. Scales and dusl-likc 
grains of graphite arc enclosed m great numbers, 
especially in andalusite and cordicnte.. 

The homstones developed about the httle granite stock 
of Barr-Andltu in the Vosges Mts hdvc become classic 
since their dcscriplloo by Rosenbuscli in 1877. The stock, 
which measures five kilometres by four, cuU a aeries of 
clay-sliUc« wilh subordinate limestone and graywackc, 
and Che sonc of contact mctamorpl^lsm varies from 100 to 
1 200 metres wide. The clayilato has been altered to 
sfiotted slaw and chiastollie slate, and wUh closer ap.’ 
preach to the granite it loses ils flssility and passes into 
massive, ffna-gralned andaluslie-hornatone, containing in 
addition to andalusite, quart*, white and brown mica, 
magiiatite and hamatUe. The andalusite is mostly In micro¬ 
scopic prisms but is somelimas porphyritje. Cordicnto- 
aillimanite hornstonc is also developed in the neighbour¬ 
hood, and a tourmallne-atauroUte variety too; and the 
limestones have been changed to garnet-pyroxene mar- 

morite. .... 

Another famous granite-hornstone contact is that at 
Crawford Notch, New Hampshire, which was described 
by Hawes io 1881. The chief variety of hornstonc Is a 
compact, black rock riddled with crysuls of andalusite 
sevcMl inches long. This mineral Is not present In the 
gfoundmass, which consists of quarts, muscovite, 
chlorite, magnetite and graphite. Near the margin of 
the granite, tourmaline becomes the most Important con¬ 
stituent of the hornstonc. 

Admirable descriptions of hornstones of every kind 
have been given by Brbgger and Goldschmidt from the 
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Christiania (Oslo) district of Norway. The andalusiw* 
cordierlte liornstone of Gunildrud is porphyrldc, holding 
larg'e prisms of andaluslie (chiastolite) in a fine-grained 
ground mass consisting of quarts, feldspar, cordierlte and 
biocite. White rnica is present, too, but it is a secondary 
product formed by alteration of cordierlte. Apatite and 
rutile are accessory, and the groundmass is full of specks 
of graphite. Goldschmidt gives the mlneraJogical com* 
position of this rock as follows 

Potash felspar (in round numbers) 35 

Albite . 10 

Quart* . ST 

Andalusite . 7 

Cordierlte . 14 

Mica. 6 

Rutile, apatite, pyrrhotite, graphite 6 
As an example of a plagioclase-bearing liornstone we may 
quote the rook described by Goldschmidt from Sdlvi- 
berget; it is the metamorphic product of a rather calcare¬ 
ous nnd magnesian clay-slate. The rock is dark grey, 
with little insets of potash-feldspar a few millimetres long 
and many tiny scales of blotite. In thin section the 
following minerals are seen : hypcrsthene, In prisms about 
a mlUimetre long; laths of labradorite, often enclosed in 
orthociase; much quarts, and a few grains of diopside, 
apatite, zircon and graplilte. The calculsted composition 
is 

QuarU . 14 

Potash feldspar . to 

Plagioclase . 37 

Hypcrsthene . *5 

Biotite, ete. .S5 

If the initial rock is a sandy claystone or clayey sandstone 
the product of thermal metamorphism will be a rather 
quaru-rich homstone. From a purer sandstone one will 
get a still more siliceous hornstooe, and in an extreme 
case the product will be a simple guart^te consisting 
entirely of interlocking grains of quarts which have lost 
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every trace of their clastic origin. Such a cjuartzite^ 
whi^ will not be different in appearance from those dls* 
cussed in Chapter Xil, is just & special variety of horo< 
stone. Since no sandstone consists wholly of quartz, 
most quartzites hold some grains of clear recrystaJllsed 
feldspar and generally a few scales of white or brcwn mica 
and some magnetite. A trace of clayey matter in the 
snndztone may be changed into needles of sillimanitc or 
a few pink garnet*. 

A pure limestone, if nothing is added to it during 
mclnmorphisrn, can only be cJinnged by rccrysinllizMion, 
giving a marhie. But many limestones contain admiv 
turca of clay an<l sand, and solutions escaping 
from an invading magma may introduce ferric oxide, 
silica and other compounds Into ihe rock. In the 
morius (lime's)IiCBte hornstones) there is consequently 
a large development of lime, lime»olurr>lna, and Ume«ferric 
silicates such as anorthite; grossularite and andradite; 
Wollastonite, dlopside and hedenbergite; vesuvianite, 
scapoJite, sphene, apatite; and in highly magnesian limo' 
stones forsterlte, chondrodite, phlogopite, tremolite; as 
well as perlcUse, brucite, and s^nel. Contributions from 
magmatic sources are indicated by an abundance of iron 
minerals, especially unciredite, magnetite and hematite, 
end by the presence of minerals containing huorine, 
cblnrine, phosphorus, boron or sulphur, for example, 
vesuvianite, ecapolite, apatite, axinite and sphalerite. 
Iron*rich contact rocks are known jn Scandinavia as 
skarn (originsily a miners’ term meaning rubbish). 
Graphite is quite a common accessory mineral in marbles 
and marmorites. 

Along with the silicates in marmorites there may be 
large or small quantities of recrystallized calcite, and 
quarts is also a possible constituent. Whether calcite 
and quartz occur together or not depends on the tern* 
perature and pressure prevailing lo the contact'Sooe; if 
the temperature exceeds five or six hundred degrees the 
t^vo minerals combine to form wollastonlte. Since mag* 
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cesium carbonate gives up CO^ at a much lower tem¬ 
perature than calcium carbonate, the first minerals lo 
fotm> In the thermal oietamorphtsm of a more or less 
magoeaian Umestooe, are the magnesian minerals phlogo- 
pite, forateriLe, perlclose, tremoiire> and dlopside. High 
grade metamorphism U indicated by wollastonite, 
inonticclllte, and the rare larnite or calcium orthoslMcate. 

The texture of the marmoritea is typically aJlotrlo* 
morphic, and sieve-structure is almost universal. Diop- 
side grains enclosed m calcite are rounded and drop-like, 
and have a high lustre. Garnets are more successful 
than other minerals In developing their proper crystalline 
form; they may be dodecahedrons or trapeaohedrons, 
and they generally carry enclosures of diopside or calcite. 
Sometimes what seem to be stout crystals of garnet are 
mere shells of garnet-substance filled with calcite. 
Goldschmidt has described a rock from ihe Christiania 
district which appears to be made up entirely of large 
dodecahedrons of garnet, but when it is examined under 
the microscope every crystal ia found to be filled with 
diopside grains arranged in regular zones. The garnet 
of marmoritea Is very often manganiferous, a welUknown 
instance being the beautiful pink garnets of Morelos 
State, Mexico, which are aesociated with yellow vesu* 
vianite. It is noteworthy that magnesian and ferrous 
garnets (pyrope, almandine) are not found in marmorkei, 
the molecules of magnesia and ferrous oxide going pria- 
clpally Into diopside. For the formation of vesuvianiie 
It is necessary that water should be present. Goldschmidt 
finds that the association grossularlte-wollastonite* 
vesuvianite Is common but the grossularite-wollastonite 
association without vesuvianite is very rare. 

An amphibole takes the place of pyroxene in some of 
these rocks. It has bceo suggested that the reaction 
diopside + an statlte * tremollte (actinol ite) 

Is promoted by high pressure; but as all pyroxenes are 
denser than the corresponding amphiboles this explana¬ 
tion is unlikely. Amphibole-production seems to be 
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favoured in general by moderate temperature and hydrous 
conditions rather than by high pressure. 

Characteristic mineral associations io marmorite and 
skarn are calcite>diopside» caldte-tremoJite, calcite- 
forsteritc {passing over into calcite-serpcntine), calcice- 
brucite; calcite*gro8au)afite-diopside, grossulariie-woJlaa- 
tonile-veauvianite, calcite • andradite-mogneiite* hedan* 
bergite-andrad ite-mtgne tite. 

Class III— Tjib ckystalumb schists. 

The members of this great class of rooks nre distin¬ 
guished from sedimentary rocks by tlieir higl>ly crysUJ* 
line character, and from eruptive rocks partly by their 
texture and partly by the occurrence of minerals such as 
kyanite and staurolite which are not stable under mag¬ 
matic conditions. The characteristic texture of the 
cryatalline schists is a foliation imparted by the parallel 
arrangement of prismatic, scaly and tabular crystals 
throughout the rock; this is combined with the property 
of easy cleavage in the direction of foliation. But a 
schistose texture is only developed in rocks which cryst- 
alllBod under stress; in the less common case of 
hydrostatic pressure the minerais have no special orienta¬ 
tion and the texture Is similar to that of a hornstone or 
marmorite. Schiitoilty is always inconspicuous in rocks 
that consist very Isrgely of feldspar and quarts with hardly 
any of the scaly or priematlc minerals. Some of the so- 
called granulitee of Saxony are finegrained gneisses com¬ 
posed of feldspar, quarts and a few garnets; in these there 
is hardly a sign of schlstosity, and without Held evidence 
it would be very hard to distinguish such a rock from an 
aplite. In the held, however, the gamet-granuUtes are 
found to pass gradually into mica-granulites with distinct 
schlstosity, and other members of the same suite of rocks 
hold kyanite or slllimanite, so the metamorphic character 
of the complex as a whole is put beyond doubt. The final 
test of eruptive or metamorphic origin is always the field 
evidence. 
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When recrystallization takes place In a solid rode, 
the new growths do not necessarily make their appear¬ 
ance in a definite order as they do trom a fluid magma. 
It is often difficult to determine the order of cryatallizatioD 
in an eruptive rock, but it is still more so in a meta* 
morphic one for the reason that only those minerals that 
are possessed of an unusually strong crystallizing power, 
such as garnet and staurolite, have succeeded In develop, 
ing distinct crystal-form. The largest grains, which 
might be thought to have crystallized first, are often 
riddled through and through with minute endosures of 
the other minerals (sieva^tructure) and must therefore 
have erystalliaed after the»e. In eruptive rocks one often 
sees that the enclosures of one mineral iu another are 
Arranged in zones parallel to the crystal faces of the host; 
but in metamorphie rocks two minerals will grow right 
through each other like the differently coloured threeds In 
a carpet, each keeping Its own orientation without regard 
to the other. Thus neither the size nor the shipe of the 
grains, nor the enclosures of one mmeral within another, 
gives any clear indication of the sequence of crystalliza¬ 
tion. 

In the pages that follow we shall discuss the crystal* 
line schists under the headings of peralumlnous, 
metalumlnous, subalumincus and peralkaline, as defined 
on page 196. 


Peralumlnous Type. 

Peraluminous schists and gneisses are exceedingly 
common. The most conspicuous oonstltuent is generally 
some kind of mica, either muscovite or blotite or rarely 
tbe soda-mica paragonite. If the rock Is poor in mica 
the scales will be isolated, as in many gneisses, but in 
moat of the peralumlnous schists the mica Is so abundant 
that it forms continuous films throughout the rock; thus 
on looking at a cleavage surface one gets the Impression 
that the udioJe rock is composed of mica, and it is only 
on examining the cross fracture that one recognizes the 
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presence of quariz or feldspar. Muscovite ts commoner 
than biotite, but an inter^rowth of both kinds is perhaps 
commonest of all. An emerald-green chrome-mica is 
found in some cases. 

Quartz is a large constituent of sJI these rocks, in the 
form of grains, lenses, rods, and sometimes of thin films 
which aliernate with films of mica. No trace of crystal 
form is ever recognizable, and the larger areas of quartz 
nre aggregates, not single crystals. The feldspar may be 
orthociaae or microclioe, microperthlte, albite or ollgo- 
clase, just as in granite. It Is unusual for Che feldspar 
grains to show crystal faces, though the larger ones may 
do flu. The presence of large crysUls of feldspar in a 
more fine-grained groundmass produces a porphyritic 
gneiss.or*' eyed gneiss " as it is generally called. When 
andalusite, kyanite, staurolite or corundum is present in a 
schist or gneiss it often forms crystals which are much 
larger than the average grain of the rock. Andalusite 
prisms may be two or three inches long, and corundum, 
kyanite and staurolite also form large, walUshapad 
cryitali. Round about these large crystals the ground- 
mass of the rock tends to be quite free from the minersl 
in question. 

Many schists and gneisses carry nothing but quartz^ 
feldspar end white or black mica, with a few scattered 
garnets or grains of tourmeline and rutile. After these 
simple granitic types, the andalusite-mica schists and 
gneisses are commonest. The rock of Bodenmaii^ 
Bavaria, which holds big prisms of pink andalusite in a 
base of silvery mica-schist, is a typical example and is 
to be seen In ell mioeraloglcal collections. If andalusite 
is less abundant than it is in this case, it forms irregular 
grains in the micaceous network of the schist. It is 
often accompsnied by staurolite or garnet, rarely by 
'sillimanite. The latter mineral is polymorphous with 
andalusite and kyanite, and of the three sillimanite is the 
high-temperature form. It is unusual for polymorphous 
substances to occur together, and when it happens one of 
them must be unstable. 
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Pine examples of sillImanite > gneiss have been 
described from the Ross of Mull, Scotland. The siUi* 
oianite forms apparent prisms up to an inch la length, 
but each prism is seen under the microscope to be in 
reality a bunch of very thin needles in nearly paraUel 
position. The other minerals of this rock are muscovite 
and biotite, with or without some garnets. Under the 
microscope cordieriie, andalusice, spinel and apatite are 
detected. Kyanite‘gneiss, containing prisms of blue 
kyanite up to three inches long, is found in the same 
region. Excellent examples of siUiminite*, kyanite-, and 
staurolite-gneisses in north-eastern Scotland were 
described by G. Barrow in an important paper which the 
student should read. The moat widely-known example 
of a kyanite-staurolite rock Is no doubt the paragonite- 
schist of the St, Gotthard region in the Lepontine Alps. 
The beautiful blue kyanite prisma and the cruciform twins 
of staurolite, standing out from a background of silvery 
paragonite, are to be seen in every mineralogical 
museum. 

Staurolite, slllimanite, and kyanite schiata are splen¬ 
didly developed in the Littleton formation (Devonian) of 
New Hampshire, and In Connecticut. Crystals of staur> 
lite 3 to 4 inches long occur about Maseoma Lake and 
near Littleton. Sillimanite forms large crystals, many of 
which are sheaves of thin needles, in the Cardigan, Little* 
ton, and Monadnock Quadrangles. The Cob Hill sohist 
contains an average of so per cent, of sillimanite, with 
quartz, feldspar, one or both micas, and garnets. A 
^ist with large blades of blue kyanite occurs near Berk- 
hampscead, Connecticut. 

The appearance of corundum in a schist or gneiss 
Indicates an extraordinary richness in alumina. Corun¬ 
dum-mica schists have been described in Connecticut and 
at Kinta, in the Federated Malay States; and a corundum- 
mica gc&ss has been mined in Gallatin Co., Montana. 
Some striking corundum rocks are found m the north* 
eastern Transvaal. One of these con^sts of platen 
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of pink corundtun embedded in massive silllmaotte; 
another contains blades of sapphire-blue kyanite in asso¬ 
ciation with pink corundum and an emerald-green mica. 
Corundum-kyanite rocks are also reported at Litchfield, 
Connecticut, and a mica-schist containing corundum, 
andalusite, kyanito and chloritoid at Bull Mtn., Virginia. 
Corundum-tourmaline rocks containing spinel and mica 
occur at Kinia, Federated Malay States, and a rock 
composed of blue corundum, mica, rutile and tourmaline 
in the Serra de Itaqui, Braail. 

Tourmaline is a common accessory mineral in schists, 
but seldom a major constituent. It is found especially In 
proximity to igneous intrusions, and as it contains boron 
and fluorine—two elements which are not normally pre¬ 
sent in any quantity in sedimentary rocks—it is likely that 
the production of tourmaline Is due to emanations from 
the magma even more thao to rising temperature. 

Ctnesis of f 9 ralutninou 4 schists. The purely micaceous 
type of schist or gneiss may be formed by the metamor- 
pliism of a granite or an arkose; but those that carry 
andalusite, kyanite, staurolite, cordlerite or corundum 
have such a high content of alumina as to make it almost 
certain that they were formed by the metamorphism of 
claystones, for no other kind of rock except the rare 
corundum-pegmatites holds anything like such a great 
excess of alumina over the bases. This conclusion can 
often be backed by field evidence, where the sillimanite- 
kyanite-staurolite gneisses are interbedded with quart¬ 
zites and crystalline limestones. 

Mctaluminous (yp#< 

In Che characteristic minerals of this type of rock 
there Is no excess of alumina over the basic oxides, of 
which magnesia is the most abundsot. The highest pro¬ 
portion of alumina is present lo cordlerite and chloritoid, 
also in spinel; in these species A 1 , 0 , ■. (Mg,Pe)Osi: i. 

Cordlerite is not a typical mineral of the cryatalllne 
schists. It is never observed in strongly foliated rocks, 
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but appears now and Chen In the coarser feldspathic 
gneisses which show littJe effect of shearing stress; for 
this reason cordierhe is held to be an “anti-stress'’ 
mineral. Under severe stress, the components of cor- 
dierite are probably shared between garnet and sihimanlte 
or kyanite according to the equation 

3 cordieritc^a garnet ^4 silUmamte 4 5 quarts. 

In cordlerite-gneisa, biotite is the commonest dark 
mineral and the composition of the rock approaches that 
of biotite-granlte. At Boclenmais, Bavaria, there is a 
well-known cordierite-gneits containing orthoclase, oligo- 
clase, quarts and biotite, with a little almendine, tourma¬ 
line, and graphite. The latter mineral Is rather a com¬ 
mon accessory in cordlerlte rocks. A coarse-grained 
cordierite-gneiss occurs near Guildford, Connecticut. 
The cordlerlte !s not uniformly distributed but Is confined 
to the more feldspathic bands: it is full of tiny inclusions 
surrounded by the characteristic yellow haloes. 

Chlorirold (ottrellte) characterises a minor group of 
schists and phyllitei. The crystals are hexagonal tables, 
usually less than a millimetre in diameter, but crystals of 
several groms In weight occur in a slllimanite-gneiss in 
He de Croix, France. Large crystals of chlcritoid also 
occur in association with kyanite at Xosoibrod, Ural 
Mts., and with corundum and kyanite at Bull Mtn., 
Virginia. 

Cfarnet-rich gneiss and schist are extremely common 
tn all regions of highly metsmorphic rocks. The garnet 
always belongs to the almandine variety and is pink or 
brown In colour. The larger crystals show the faces of 
the dodecahedron or trapesohedron; the smaller ones are 
mostly rounded. A typical example of a garnet-rich 
gneiss Is the “ kinzi^te “ of the Black Forest. This 
rock shows closely packed grains of red garnet ixv a 
groundmass of brown biotite with oligoclase and relatively 
little quartz. SiUimanite is sometimes present along 
with a little muscovite, and green gralos of spinel 
(pleonaste) can be detected under the microscope. 
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The chJorite'BchUts arc an Imporiant gro^p, distin- 
^ished by their dark green colour aod by a slightly 
greasy feeling when chlorite is abundant. There are 
several varieties of chlorite which differ considerably in 
ihelr composition and optical properties; besides this, the 
scales of chlorite may be intergrown with talc, bioiite or 
hornblende. This is typically a group of dark schists, 
for aUhough qusrU and feldspar arc generally present they 
are quite subordinate in amount to the dark minerals. 
The rather scanty feldspar is mostly alblte, Other dark 
minerals which are commonly associated with those 
already mentioned are epidcte, garnet, magnetite and 
graphite. Good dodecaliedrtl crystals of garnet occur in 
cblorlte-schlsts in the Tyrol, and large octahedrons of 
magnetite are common in the Alps and elsewhere. In 
drusy cavities among the chlorite-schists of the Alps 
beautiful crystals of albite, sphene, epidote and other 
mineral species are found. 

Under the microscope a chlorlte-schlst shows a con¬ 
fused aggregatoof green, pleoehrolc scales of chlorite, In 
the Interstices of which one recognises occaiicnal grains 
or lenses of albite, quarts, epidote and msgnetite. 

Blotite-hornblende gneiss, which generally carries 
some garnets, is often interbedded with ordinary biotite- 
gneiss, for instance, in the St. Gotthard tunn^. With 
the coming in of hornblende, plagioclue hep ns to pre- 
dominste over orthoclase, just sa it does in eruptive rocks, 
and sphene appears in notable quentUy. The hornblende 
is green In thin seoticn and It may be intergrown with a 
green or colourless pyroxene or chlorite or epidote. 
Rutile, magnetite, apatite and sircon are common acces¬ 
sory minerals. 

A typical hornblende-gneiss is a well banded rock 
made up of dark layers which are rich in black horn¬ 
blende needles and paler layers in which quarts, feldspar 
and garnet predominate. Komblende may be the only 
dark mineral but it is very often associated with pyroxene 
and some biotite or epidote. The feldspar includes both 
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orthoclflse and olipoclast. Under the microscope the 
hornblende crystals become g'reen or brown, and they are 
generally spongy with enclosures of other minerals. 
Pyroxene and hornblende or epidote and hornblende are 
often intergrown. 

Amphibolite is a schistose or massive aggregate of 
interlocking hornblende needles. A red garnet is a fre^ 
quenc accessory mineral in these rocks; it is probably a 
magnesiurn^alcium garnet, for it has been observed to 
alter into chlorite and epidote. The garnets sometimes 
act as centres round which the hornblende crystals group 
themselves radially Chlorite is often present in horn¬ 
blende schists and amphiboHteit; so is talc, and a little 
hlotite is not unusual. Cpidote or zcisite may be expected ; 
the latter is formed at the expense of plagioclase feldspar, 
so when soisite is present plagioclase is generally ex¬ 
cluded. Sphene and magnetite are always to be found. 

The passage of dolerite (diabase) into hornblende- 
schist was studied by J. J. H. Teall in the north of Scot¬ 
land. The dolerite is a typical coarse-grained dyke-rock 
consisting of augite and Isbrsdorite in ophitic inter¬ 
growth, with titanom^'netite and some secondary green 
hornblende. In places this rock passes by imperceptible 
gradations into a lustrous, strongly foliated schist which 
is built up of bands of more hornblendic and more feld- 
spathic character. The constituents of the schist are green 
hornblende, quarts, alblte, iron ore, aphene and apatite. 
Other instances of the derivation of hornblende-schist 
from dolerite or basalt are known, and they make it likely 
that most occurrences of schistose hornblende rocks have 
the same origin. 

The Manhattan schist series, on which the city of New 
York is Built, consists for Che most part of biotite-musco- 
vite schist and gneiss, often full of garnets. Certain 
hands carry stauroHte, tourmaline, sillimaolte or kyanlte. 
Interband^ with these peraluminous rocks are thl^ beds 
of hornblende gneiss which can be followed for thousands 
of feet along the strike and are very rarely transgressive. 
The following range of composition is typical: quarts 
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!$ to 30, orthoclase up to 3^, oDgoclase 10 to 20, horn- 
blonde 30 to 50 per cent., with a minor content of ^rnet 
and epidote. The composition and the occasional trans- 
g'ressive attitude of these homblendio rocks sugg^t that 
they were originally basic Intrusions (and perhaps ex¬ 
trusions) amon? the arf^illaceous rocks which were con¬ 
verted into Manhattan schist. 

Epidote and zoislte' seldom play the main part tn 
gT^eiss or schist; they are S’enerally subordinate to biotite, 
chlorite or hornblende. An epidote-biotite schist occurs 
at Greiner In the Tyrol; it carries twenty per cent, of 
epidote and seventy of blotite, the remainder being* quartz 
and albite. A chlorit^epidote echlst containing? 
insets of urallte (pseudomorphs of hornblende after 
aufite) has been described at Ekaterinburg* in the Ural 
Mi^. 

G 6 n$iii of th« mafalurn/nouj typ$. It is difficult to 
make any generalization about the rocks of this compre¬ 
hensive group. The cordieriie- and the jrarnet-bearlng 
facies may have been derived from ■rg'illeceous aand- 
.stones. The hornblende-blotite-eiMdote facies probably 
represent intermediate and basic eruptive rocks and tuffs. 
The chlorite-schlats may have various orlfrlnsi but some 
are known to be metamorphosed eruptive rocks. Chlorl- 
toid is formed from sedimentary rocks rich In ferrous 
oxide. 

^ubtffummoui lyps- 

Pyroxenc-foeiss is rela lively scarce, for the pyroxenes 
tend under shearing stress to ^ transformed into amphi- 
boles. There Is, hovrever, a group of •• pyroxene granu- 
lites/* relatively fine-grained rocks with an apJItic texture 
and little trace of foliation, In which both ortho- and 
cllno-pyroxenu are develops. The associated minerals 
include quartz, orthoclase, plagloclase, garnet, and rarely 
kyanite. Both in texture and in mineralogy these rocks 
resemble hornstones rather than crystalline schists, but 
they are not found in cckniact melamorphlc aureoles. The 
“ charnocklte series " of India, Ceylon, and East Africa 
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is another group of this character. These rocks range in 
composition from hypersthere-granite to norite and 
pyroxene, but the characteristic textures of eruptive rocks 
are laeWng, The members of the charnockite series are 
medium to fine-grained, non-porphyritic, and the grains 
are allotriomorohic and remarkably uniform in size, as in 
hornstones. The noritic members only rarely show 
ophitic texture. Schistosity is almost laeWng, but there 
is often a distinct llneation. It is gencrallv believed that 
these rocks are of eruptive origin, bnt that they have 
been recryatallixed under high pressure with little shear¬ 
ing fltreaa. 

Since all pyroxenes nre denser than the corresponding 
amphtholes, some authorities maintain that pyroxene and 
garnet are Indicative of metamorphism under very high 
hydrostatic pressure. The rocka known as cclogite and 
griquaite are garnet-pyroxenltM which some suppose to 
have been formed from gabbroic rocks in the deeper 
levels of the earth-crust. Boulders of griqualte (ensfatite- 
garnet rock) and other pyroxenites are enclosed in the 
•'blue-ground of some of the diamond pipes near Kim- 
berley, South Africa, but nothing Is known of the condi¬ 
tions under which these rocks were formed. 

Among the schistose rocks containing non-alumlnous 
amphihotes, there Is an anthophvllite-grunerite group, 
very rich In magnesia and iron, and a tremolite-ictinoltte 
group which has an appreciable content of lime in addi¬ 
tion. These rocks are typically free from quarts and feld¬ 
spar, and often consist almost entirely of amphibole, so 
the name amphibolite is more appropriate than schist. 
They consist for the greater part of interlocking needles 
and blades of one or more of the above amphiboles, 
sometimea forming radial groupa. Associated minerals 
Include talc and serpentine, probsblv formed by retro¬ 
grade metamorphism of the amphiboles; also epidote, 
rolsite, and scape)ite, representing original plagioclase; 
and accessory minerals such as llmenito, rutile, apatite, 
and carbonates. 
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Serpentine is another fibrous rock, but the texture i$ 
so fine as to require microscopic study. The substance 
that we call serpentine exists in two forms, antigoriie, 
which has a lamellar habit, and chrysotile, which is dell* 
cately fibrous. These two minerals are generally asso* 
dated in massive serpentine. Common accessory minerals 
in serpentine are garnets of the pyrope variety, actlnolite 
(often forming reaction rims round the garnets), talc, 
chlorile> magnesite, and chromite, spinel or ilmenite. 

Talc schist is often associated with serpeotine and 
may be formed by sllidfication and metamorf^ism of the 
latter. Talc-schlat la a soft, ailvciy or greenish rock with 
a soapy feel, largely made up of scales and consequently 
highly cleavable, although there Is also a massive, non* 
schistose variety that goes by the name of soapstone. 
The commonest accessory minerals In t8lc*schiit are 
chlorite, actlnolite or anthophyUite, and magnetite, but 
garnet is not uncommon. Rhombohedral crystals of 
dolomite or siderlte msy be present, forming a talc* 
carbonate rock.'* 

Gtfusis of motoiuminous sehiits. Many serpentines 
and ta1c*achlsts are just altered perldotites and pyroxen* 
ites or horn blend ites, and their eruptive origin Is beyond 
doubt. Others may have a more complex history, with 
other metamorphic rocks as links In the chain of descent; 
but the eubaluminous group of schists and gneisses as a 
whole is surely derived from the metimorphism of basic 
and ultra-basic Igneous rocks and tuffs. 

Poralkolino tyfo- 

The peralkeline group is a smell and unimportant one. 
The jade of Burma, which is so highly valued as an orna¬ 
mental stone in die east. Is a rare, semi-tranalucent 
materia) made up of Interlocking fibres of the mineral 
jadeite^ KaAI(SiO,),. Schists containing a aoda-amphi* 
bole such as glaucophane (which differs from jadelte by 
holding some ferrous iron) are very uncommon. 'They 
have die appearance of ordinary hornblende-schists, but 



METAMORPHIC ROCKS ax? 

under the microscope the ainpbibole shows a beauliful 
pieochroism from deep blue to purple end yellow, Pink 
garnets, green dlopside and yellow epldote are common 
accessory minerals, along wilh blotite, quarts and calcite, 
Glaiicophaoe-schists are known in Anglesey, on the 
islands of Syra and Milos in the Aagean Sea, in the Coast 
Range of California, and in the Japanese island of 
Shikoku, 

According tc tbe original definition of cclogite, this 
rock contains omphaciie, a sooiewbat sodic ^roxene 
(acmitc-diopside); it should therefore be referred to tbe 
peralkahne type- But in practice this omphacite*garnet 
rock has become confused with the enstaiite-gamel rock 
(gfiquaitc) of the Kimberley diamood mines, so the name 
eciogite has no specific value. 

G$n«ih of ptralkaUnt schUts. A source in a petalki- 
line eruptive rock is indicated In some eases; in others, 
an argillaceous rock that has been enriched with soda 
(an adinole). The glaucophene schist of Angel Island, 
California, lies In a narrow strip between a cherty sand¬ 
stone and a basic Intrusive rock, and may have been 
generated by sodic solutions emanating from the latter. 
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APPENDIX. 

THE CHEMICAL ANALYSIS OF ROCKS. 

Before committing himeeif to the delicate nod tlme-coiiium. 
bis making a rock ajielyeU, the petrologiet ehould be 
dear about the purpoao it ie Intended to eerve. and whether it 
will contribute to the aolutlen of hie problem. If it eeeine 
unlikely that cheittleal analysis can add anything Inipottanl 
to the atudy of the rock, than It u waste of time to undertake 
it. Too often, rock analyiea are made merely os a concession 
to custom, and the reaulting data are published without any 
discussion or any attempt to correlata the chemical with the 
mlnerclogical characters of the rock. The object of chemical 
analysis Is to supplement the Information alTorded by the 
microscope; to amteve this object it is necessery to correlate 
the components Indicsted by the analysis with tlie phases 
idenlihed under the microscope. Unless this is done, tlie work 
of the chemist Ie watted. 

To take an actual ease: a certain rock was said to contain 
a plagioclase ran^ng in composition from AbxAni to Ab,Ahi; 
but a good chermcaT analysis showed that the average com¬ 
position of this plsgloelase was about AbjAn^. In this case 
the petrogmpher was at fault, because he hed studied only the 
bast preserved pieces of e considerably altered feldspar. In 
another case ei the seme kind the plaeioclaie was said to be 
AbiAri}, but chemical analysis Indicated AbjAn4. In the same 
rock the patrolog^st had reported js per cent, of bioclte, yet 
the chemical snalyils showed no excess of alumina over that 
required to form the normative feldsper. Putting these facts 
together it becomes clear chat the chemist was at fault, bav. 
Ing overeetimstsd the amount of CaO. When this excessive 
amount uf CaO was combined with alumina to form anor^lts, 
it made the plagicclase s^pear too caldc and left no alumina 
for l»otite. 

These examples may serve to illustrate both the value of a 
good chemical analysis and the confusion that may be caused 
by a bad one. One of the advan togas gained by making one’s 
own analyses is that one can judge the accuracy of the work 
at every stage, and if any question of error should arise he 
knows where the error may lie. With an enalysie made by 
another man no such judgment Is possible. 
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THE STUDY OF ttOCKS 


A. PRtFARAHON OF tHI SdAMFLt. 

Tfike 25 to 100 granis, depending on coarseness of grslJ), 
of doan fresh rock splinters, avoiding weathered crusts. Crush 
hit ^ bit, by percussion, not by rubbing, in a hardened steei 
jiiortar till die powder passes through a sieve of about 90 
mesh. Now take a fair sample of the powder and rub it down 
to the finest possible powder in an agate mortar. About Rvc 
grains should be enough. Put this In a stoppered sample 
tube and keep it inside the balance case. Some of the coarser 

E owder should be preserved In another sample tube; it may 
6 used Instead of the fine powder in the determination ui 
certain minor constituents. (iVme, most 0/ 1 day.) 

li. Fusion wmk Sodjuu Cauonatb. 

U»o .5 to 1 gram of tike finest powder. For a granite wiUi 
low lime and magnesia It is advisable to use about i granj, 
bus for a basic row .< to .7 gram Is oulte enough. Mix tlie 
powder thoroughly wift ten to fifteen times Ice own weight of 
sodium blctrbonacd (15 times In the cssa of a granite or other 
quartMich rock, 10 times for syenites, ate.). Transfer the 
mixture to a platinum crucible of capacity to-eoCC. Set 
crucible In a dean sllics triangle on the ring of a retort-stand, 
and cover with Jid. Heat slowly over a small Bunsen flamu 
CO expel moisture, then gradually raise the temperature till 
fusion begins. Avoid rapid heating which would etoie spat¬ 
tering. it la not necasaary for the maas to become entirely 
fluid; it is better if It is merely fritted together. The necet. 
eery temperature ia easily reached wltlt a Uunaen burner, 
bringing the lower part of the erueibla to a duU rad heat. 
The enure operation requirai about an hour. Fin oily lift the 
crucible with platinum-tipped tongs and set it on a clean 
atona slab to c^. (Frepofoiion attd fusion, a hours,) 

c. TJUATUBNT op TK8 MBIT. 

See that the crudbie Is perfectly clean outside. Lay the 
cold crucible on Its side In a wide 500 or doo CC. beelw and 
add distilled water up to about threa^uortera of an Inch. If 
there bsa been ony a^tterlng on to the lid, cut it in the 
beaker too. Cover with a clock-glass. Add a*bout 2j CC. 
of pure hydrochloric add, a little at a time; If the s^ution 
turns ^nk, owing to formation of perms ogenate, add a few 
drops of alcohol. Solution Is slow and may require aome 
boura. When aalutlon is complete except for flakes of eiUca, 
raise tha crucible above the liquid by means of a stirring rod, 
wash it inside and out with a stream of water from the wash- 
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in£ l>ntel«. and rainAve the cnjcible. T>e> $flme with l!d. Now 
transfer the contents of the beaker ro a iarce pfattnurn or 
fused aflica bacin, caraci'tv 350 CC. Evaporate to dryness on 
the wafer bath and contfnue heating for snme time after the 
residue annears to be dev. Now add co CC. of water and 
.< CC. of hydroehfoHe acid; warm till alf the aolubia aalts are 
dinmlved. Filter ChroufZh a q cm. paner. Wash with warm 
water holding about 5 par cent, of hvdroehlnrlc acid. Keep 
5 ttrate and washings. fTffne, most of t day.) 

D. TmaATMMT of .^IIJCA PaKlPlTATf. 

When most of thn moisture has drained off, iranafer the 
filter and mutants tr> a weighed so nr 35 gram platinum 
crucible and dry In the hoMlr oven. Then place the micible 
on a alTina triant*fe, with the 1ld on, and heat verv slowlv over 
a small fiamn to hum the filter paper. When all volatile or. 
ganir matter has been destroyed. Ignite for t.c minutes with 
the foil hent of a Meker bumer? remove to desiccator; cool 
in balance room for Ji; minutes; then weigh, Reoeat heating 
and weighing tmtll weight !s constant fW^. Now moisten 
the ailica earefully with a few drops of water; add a few drop* 
of ito par cent, sttiphuric acid, then aboi>t < CC. of hvdro. 
duoric add tusing a small platinum cniclbla as maaaureV 
firing to drvneis flld off) by careful heating over a small 
flame. Heat again for five mlniitai over tha Meker humar. 
cool In desiccator, and weigh fW'O. The difference, W'—W^', 
Is alllea. A further very small proportion of iltlea wilt be re* 
revered later from tha ntuenina precipitate. (Tims, abaut 4 
hours,) 

Do not clean the erocible out. as the small residue In It 
belongs to the alumina group and muse he weighed with the 
Uttor. (See F,) 

B. PABCtnrATtou of AuiMtMAi Ikon, arc. 

To tha filtrate from C. add. about to DC. of concentrated 
hydrochloric add. then add strong atnmonia until the solution 
It nearly neutral. Heat nearly to boiling, then add more 
ammonia drop by drop until preelpUatlon la complete and the 
solution Is very slightly alkaline, (Teat by withdrawing the 
stirring rod and touching a blue litmus psper with It,) Now 
add one or two drops of pure bromlna to oxidise the man. 
ganese, and make sure Chat the liquid remains alkaline. Boil 
for a few minutes, then allow the predpitate to settle and 
filter as quickly as possible through an 11 cm. filter paner. 

>5 
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Wash (precipitate with & hot 2 per cent, solution of ammonium 
chloride. Keep filtrate and washing. (See G.) 

Redissolve the predpitate by running hot i: 2 hydrcchtoric 
acid through the paper, followed by hot water from the wash 
bottle. (It does not matter if a very little of the precipitate 
remains on the paper because the paoer Is to be kept for 
further treatment.) To the eolullon and washings add a Itctle 
macerated Alter paper, then lepreclpltate eaactly as before. 
Filter again, end add Altrote and Arse washings to the earlier 
Altrntr. Wash with ammonium nitrate solution to remove 
chtoHdsa. Keep the combined fiUrates for the determination 
of Time and magnoaie, (See G ). ^ io \ hnur.) 

F. TftRATMBNT OP T»ia AU'UINA GROU? PRICIPITATS. 

The Arat Alter pnper from E. Is ashed In the nruclbta that 
mntalns the residue from the alllra. Meonwhlln the second 
Alter oAper with lU rontenta la ailnvml to drain; then it is 
dried In the ho^^llr oven, added to the a«hea of the ftrst paper 
in Che cmtible, and ashed slowtv. lenlee over Meker bum>'r 
for TC mlnuiei: eool in deeiccator and weigh. Ranent the 
iffnition and weighing until all carbon hiS been bnrnc off and 
the weight la ennatant (Wl. If neressarv. the Anal heating 
mav ha done over a hlow^lpe The residua eonsista of AlyOs 
plus Pr-O.^ plus MnO, nlusTIO; plus P« 0 « fnlus ^rOj nlua 
Cr>0| n|ua rare enrthsl plus n trace of silica. The ferric 
oxide, titan la sad silica are to. bo determined in thia residue, 
bur the other oxides are determined In separate portlona of 
rock. 

To the residue in the crucible add a few grama of powdered 
notasslum>pvfosnlphate (this must be prepared in advance, 
and must not froth nr spatter when melted). Heat gently 
over a very smalt flame and keep just melted, gradually rafa- 
Inr the tempereture till solution seems complete. This re> 
011 ires I to I hnur. Cool eruclble on atone sleb. When cold, 
lav the clean crucible on Its side In a wide beaker: add «ome 
water and Juat a CC. of concentrated sulphurTr add. Warm 
till the cake la dissolved, then raise the crucible on e stirring 
rod, wash it outside and in with a stream of water from the 
wash bottle, and remove it. The empty crucible should now 
he heated and weighed and Its weight subtracted from W 
(above) to get the weight of the group precipitate, 

A few flakes of silica are gsneralTv *een in the filtrate and 
•bould be removed bv flTtering through a small Alter paper. 
The smell nortion of ailtoa so recovered xhould be treated 
exactly as described under D» and the weight added to the 
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main ^lica. (It » g«n«rally less than one.thousandch of the 
totaj nlica.) (Ttm«, 3 haura.) 

The filtrate is kept fw determiaatlon of ferric oxide and 
titanU. (See J.) 


G. PasapiTatToK op Liks. 

Brin#* the sllrttly ammonlacal filtrate from E to boilinc. 
Meanwhile dissolve a few firams of ammonium oxalate In hot 
water, and add iht# to the filtrate, sHrrinc all the time. 
Enough should be ndded to precipitate all the lime, but no 
great cxcesa. Boil for a few mlniitas, then cover the beaker 
nnd let it ntand overnight. 

Fll»r through n 5 or 7 cm, paper; wash with wnter hold. 
Ini* a Httie 01 thn oxnlate aolutlon. Redlssnlve the predi^ute. 
f)v passlnc a small quantity of hot im hydrochloric acid 
through the ])ftper, follnwed by hot water from the wart 
bottle, Reproclpltnto the lime by adding ammonia In excess 
and a few drop* of nxnlnto selurton. Stand some hours or 
overnight. Filter and wnrt a* hofore. Dry, Ignite In 10 CC 
platinum cnidbte, and bring to constant weight b< CoO. 
lT*m* of ofitiralioit, i.» hours.) 


H, PaictMTATioM Of Mar.KRxiA, 


To the filtrnte from G add a tenth of its votume of am- 
mnnla. DIaaolve a few grema of lodlum.ammonium.ph^ 
phate In warm water, filter If neoesaefy, and add to the cold 
selurion with etlrrinc. Set aside overnight or longer. 

Filter, wash with water holding a IItel* ammonin. Re- 
diiaolv* the precipitate In warm dilute hydrochloric add and 
add a little of the phnsnhata solution. Kow add ammonia 
drop by drop, with erirring, until there Ii 4 dialinct exceae. 
.Stand several hmrra. Filter nnd wash with cold dilute am. 
monla, fffnite In :n CC, platinum cnjcible over Bunsen 
Mg.PjO,; thh weight multiplied by ,3621 
rouals MgO. (Time of tiperalion, 1.9 hows,) 


J. Totat. Iso)* and Titania. 


CA) The solution from F should have a volume of about 
too CC. Pass hydrogen sulphide gas through It until the ore. 
cipitated sulphur bej^ns to coagulate (k to i hour usually). 
Now filter Into a large Erlenmevar fiask end pass hvdrogen 
tulphida unhl a drop of the liquid gives only a very faint oink 
colour with a drop of KCNS solution on a white plat*. Now 
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pul in somt scraps of platinum W promote ^ling? insert^be 
from carbon^oxide generator, start a rapid current of COj, 
and bring the liquid to fl boll. Continue boiling until the es¬ 
caping vapour gives no dark colour to lead-acetate paper. 
Now cool the flask ond contents as quickly as possiMc, k«p. 
ing CO. passing all the time. When cold, mrate the iron 

with decUnormof Mlasslum-permangannte (i CC. equals .008 
gram Fe,OjV (T^me, a hours.) ^ 

(B) To daiermino litanla, evaporate the liquid to e« than 
loo CC. Add 10 CC. of concentrated sulehunc acid, Co^. 
and Alter Into one tube of colorimeter. Fill a burette with 
standard titanium aolution. In the other tube of the colori¬ 
meter put KQ CC- of water and 5 CC. of hydrofien-peroxlde. 
To tills ad<l standard titanium aolution drop by drop until the 
colour Muali that due to Iron In the unknown solution. Now 
read burette. Add 5 CC. of hydrogen^^eroxlde to the unkn^n 
solution ond fill It up to the 100 CC. mark, Continue adding 
standard titanium solution to the second tube until the iw 
colours are Identicol, both tube* being thon at the loo CC. 
mark. Reed burette again; ralculate TiOs from amount nf 
.mndord solution used. (Tims. ^ hour oucUding evapeirotion.) 


K. Ftaaoua Oxiot. 

Boll three lots of about a$o CC. each of woter in wide 
beakers, end pess CO. throuidJ them while CMlmg. Also 
add to each about t CC. of sulphuric acid and nve grams of 
•olid boric add. Weigh out three lots cf the rock powder on 
separate watch glasses, about to .8 gram on each. Pill a 
burette with declnormal potassium permonganate; also pre- 
oare t small quantity of warm t: r sulphuric acid. Put about 
so CC. of water In a large platinum crucible; mount It on a 
retnrt stand over a Bunsen burner, and find by trial the hel^t 
of the flame which will just keep the water simmering when 
the lid Is on the crucible. Praalse Judging this by ear. 

When everything is readv, put the first portion of rock m 
the crucible, odd some platinum scrap, moisten the powder 
with water, add 10 CC. of warm : t i sulphuric add, then 
S CC. cf hydrofluoric add (measured in a small platinum 
crucible). At once place (he crucible In position on the retort 
stand, with (he lid tightly on, and heat qidckly until the liquid 
can be heard simmering. Reap It simmering for about flve 
minutes. Bring up the first beaker of boiled-out water; seize 
the crucible and lid with tongs and plunge (hem Into beaker. 
Remove the tongs and titrate the liquid as quickly as possible 
to the flrst pink blush that persists for • few moments In spite 
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of energetic stirring. Do not try for accuracy at the first at¬ 
tempt but ju 9 t get an approximate value for the quantity of 
pertnanganate solution neuUed. Kemove tba crucible from 
the beaKer, clean it out, and examine the residue for und^ 
composed grains of irorwbearing mineralsi Repeat the opera¬ 
tion with ue second portion of powder^ giving longer time it 
solution was incomplete in the 6r$t case. This time, knowing 
roughly how many CC. of permanganate solution are needed, 
ado nearly the whole of this in one stream; then stir vigorously 
until the colour la discharged, and continue adding pernian. 

S inate drop by drop until tM exact end point is reached. The 
ird attempt will give a useful check on the second. Tsko 
the best result of the three, not the averuge, i CC. de^ 
normal pormanganate equals .007a gram RcO. This amount 
must be calculated hito FOiOi, ana deducted from the total 
I*eaO« found In paragraph J, in order to get the true amount 
of FejOs in the rock. (Tfma, o/f«r ail pnpAratien^ havt been 
madtj JO minufst for taeh icfsrminoffon.) 


L. MANOAMOUa OxtDA. 

It is not usually necessary to deterinina this oxide except 
In lron*iich rocks. Wel^ out about t gram of the coarsei* 
powder into a small platinum basin, add soma concentrated 
nitric acid and 5 CC. of hydrofluoric a<^d. Evaporate to dry¬ 
ness on a water bath. Add more nitric acid and evaporate 
again; repeat evaporation three or more times. Now add just 
enough jo per cent, sulphuric acid to moisten the solid crust, 
then neat on the sand Mth or over a direct flame until the 
crust is dry—but do not heet eo strongly as to decompose the 
sulphate. Take up in hoc water and filter. To the filtrate add 
at least :o CC. of concentrated sulphurle add and from a 
quarter to half a gram of solid potassium periodate. Ed) and 
keep hot till the purple colour of permangenate appears, Chen 
cool and Cranifer to a meaeuring flask the capacity of which 
will depend on the intensity of the purple colour. 

A measured quantity of the standard manganese solution 
Is put in a beaker and treated with acid and periodate exactly 
as above. (Alternatively, deelnormal pennanganate may be 
diluted to a suitably pale colour and used as the standard 
without further treatment.) The standard solution Is then put 
In a burette and the unknown (or a measured fraction of it) In 
one tube of the colorimeter. The stands^ is run into the 
other cube until the colours match, both tubes being then at 
100 CC. (Timt, most of 1 day.) 
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M. Pkospkobjc OxipR. 

Takft fffim cf the coereer powder in a emiUl plati* 
num basin. Moisten with water, add 20 CC. of concenuateu 
nitric acid and 5 CC, of hydrofluoric acid. Evaporate to dry. 
ness on the water bath. Xdd more nitric add and diy again; 
repeat this once more, and then dry completely. Wenn up 
with dilute nitric add, filter, and wash with the same acic. 
To the filtrate add about a$ CC. ol standard ammonium 
nitrate solution (Washington, 34 par cent.) and bring nearly 
to the boll. In a small beaker put so CC. of a^ per cent, 
nitric acid and the same quantity of standard ammonium 
molybdate solution (10 grems In w CC. of water). Warm 
but do not boll this liquid, and aod it to the unknown. Let 
stand overnight. 

Filter. Wash with a mixture of ammonium nitrate solu¬ 
tion, nitric acid, and water In equal ports. Redlssolve tlie 

( recipitate In 11 1 ammonia. To the solution add jo CC. of 
Iter^ megneeie mixture (Washington p. da). Lot stend 
evarnlght. Filter. Wash with week ammonia. Carbonise 
end ignite In small platlnun^ crucible over Bunsen flsme. 
Weigh as Mg^FkOr, which multiplied by .638 equtJs PsO|. 
(Tfffls, i day and 1 hour.) 


N. WaTH. 

Water given, o (7 balow iio^ (HaO—) Is determined by 
weighing about r ^am of ths fine powder in a watch glass. 
Heat in air oven M half an hour, cool in dsticcacor, weigh 
quickly, Reoeat to constant weight, (The powder can be 
usad for the hfnO or P»0| determination.) 

Total wetor may be determined by ignition of the powder 
In a platinum crudble, provided that the rock is a laucocratlc 
ena and contains no ouvine or carbonates. Otherwise total 
water must be determined ^ the Penfield method (a<« Wash, 
ington). preferably the medined form devised by C. 6. Harvey. 

An ipicion tube of very herd gless, conveniently measur. 
)ng about 13 cm, by t.s cm,, and closed at one end, is en. 
draed at the open end by a 2004 mm, rubber stopper. A 
small glass weighing bottle fits on to this stopper, and a very 
narrow escape tube passes back from the weighing bottle 
Ihrou^ the stopper to a guard-tube filled vnth calcium 
chloride. The ignition tube Is held horlsontally by the clamp 
uf a retort-stand, and a platinum boat, cootainlng the weighed 
rocTr-powder, is pushed down to the closed end of the tube. 
A few.grams of prepared calcium chloride are put in the weigh. 
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ing bottle, which is then w^ghed with its glass cap on. Now 
the cap is removed and the weighing bottle is fitted tigjitiy on 
to the rubber stopper at the end of the Ignilion tube, with an 
asbestos shield to protect it from heat. The powder in the 
ignition tube is now heated as strongly as possible with a 
large Bunsen or Teelu burner, and the escaping water vapour 
condenses or Is absorbed in the weighing bottle (which may be 
kept cool with strips of wet blotting^aper hung on it). After 
15 or 20 minutes the weighing bottle is detached, at unce 
eloied with ita glass cap, dried on the outside, and allowed to 
cool in the balance cate before weighing. 'Ihls method is 
much simpler than the ori^nal method of Penfield, and it 
gives excofleni results. (For the original description ace Ceol. 
.Survey of tJreiit Britain, Bulloiin nu. 1, 1950, p. g.) (Tfms, 
I hoar.) 


0. Alkamis. 

Use about half a gram of very finely ground powder. Mix 
it in a platinum beam with .7 gram of powderod ommoniuin 
chloride. Weigh accurately about 4 gratni of CaCOg (alkali 
content known). If ehemially pure calHum uarbunate Is 
available it is not nacaiaary to weigh accurately. Put a little 
of the carbonate In the bottom of (he large platinum crucible; 
mix the remainder with the rock powder and ammonium 
chloride, uklng care to ensuro intimate mixing. Transfer the 
mixture to the erudbie and cover with lid. Heat over a small 
fiame till no more ammonia fumes are given off (20 minutes). 
Then heat crucible to few red heat over Bunsen flame for 
about 40 minutes. Cool on stone slab. Place the crucible in 
a large silica basin, half fill the crucible with wnter, also put 
luma water In the basin end let It stand on the wnter bath for 
some time. When the dlaint^ation of the cake acems com. 
plate, wash the contents of me crucible out into the basin; 
wash crucible and remove it. Dilute the llould considerably 
and decant It through a filter. Rub tha powder remaining In 
(he basin with an agate pestle, add hot water ond decent 
again. Repeat this several limes dll all the powder has been 
transferred to the filter. Finally, wash with sou CC. of hot 
water. 

Wash the powder from the filter paper back into (he basin. 
Dissolve it in hydrochloric acid and see if there is any un. 
attacked residue of ^licaiei. If not, then proceed as foflows. 

To the filtrate add ammonia and bring it to the boll. Die. 
solve 2 grams of ammonium carbonate In cold water. Add 
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enough of thb to ibe solution and continue boiling for a ftw 
minutes, i^'ilter again* and catch the Hltrate in £o 950 CC. 
piatinum basin. Wash till the vasbings show no dilorine 
reaction. 

Evaporate to dr^noss and continue heating until the crust 
U entirely white and opaque. Cover with a clock glass and 
dry in the air oven. Now dHve oft ajnmoniuni salts with ex« 
treme care, using a direct flame held in the hand and kept 
moving. Take up the residue with a little water, (If the rock 
contains sulphur or SOs. these must now be removed by oddl- 
tioA of a single drop of EaCis, which is iheti removed by a 
few drops of ammonium carbonate.) Add e few drops of anw 
monium Msdate and evaporate almost to dryness. Take up in 
a little water and flUer through 0 very small funnel into the 
weighed jo CC. platinum basin. Wash with water till a vingia 
drop gives no cniorine reaction. Add a drop of hydrochloric 
aeio to the liquid in the basin, evaporate again to complete 
dryness on the water bath, and finish drying in il>e hot^r 
oven. 

Again drive off small re^due of ammonium salts, heating 
till the elkeli chicridee juet begin to melt. Cool the basin in 
• desiccator and weigh the elkeJl chlorides quickly. (From 
this weight deduct (he weight of KaCi in the CaCO|.) 

Now dissolve the uhlorfdu in 5 CC, of water. A few flakes 
fif carbon may be seen but may be neglected. If any lime 
salts remain, it will be necessary to filter, evaporate, end 
welsh again. 

Now add the appropriote quantity of chloroplatinle add. 
For every grom of combined chlorides It is necessary to 
odd .i6fl grem of platinum mete I. Sveporete on a slowly ball, 
ing water bath till the llould is thick end lolldlfiee on cooling, 
when cold, add a few CC. of elechei of epecifie gravity .80. 
Break up the yellow crust with a stirring rod and decant the 
liquid through a vary email filter. Repeat this several times 
until the alcohol comes away colourless. Before taking the 
neat step, it is advisable to let the filter paper and the contents 
of the baein stand until all the alcohol dries olf. *>^y grains 
of potasdum diloropladnate on the filter pap^r must now Im 
washed back into me basin with hot water. Evaporate the 
concents of the basin to dryness and Anally heat in the air 
bath for half on hour at Wdgh aa potassium chloro- 

platinare. This v^eight multiplied by .ivfl equals K» 0 . • The 
same weight multiplied by .107 equals aCI. Total chlorides 
minus KQ equals NaCI, NaCl multiplied by .5^3 equals 
NasO. (Tims, to wsfghmg of eUondas, 64 hour#; chWo* 
flatiMti oftrntion, odd 3 noufs.) 
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After we;ghin/? mlaed chloride*, dissolve in a Jittle water 
and transfer to a small beaker. Add five drop* of 4 per cent 
potasnum chromate soJution and titrate with N/50 sliver 
nitrate aolutfon against a pure white background. For coin- 
pwleon, put in arwther beaker a few CC. of NaCI aolutioti. 

4 |)W cent, potassium chromata and then 
enou^ ^]ver nitrate to give a bulky white precipitate, but not 
enough to form any pink silver chioniate. ^ ^ 

the two beakers, during the titration of iho 
ch ondea the chan« from pure white or faint yellow to oele 
aalraon pink is ea.% ob«rved. ^ ^ 

of chlorine to combined chloride*, the ratio 
of NoCl to KCI may bo deduced. 
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